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CALCULATION OF THE AMPLIFICATION CONSTANT OF 
THE WEAGANT THERMIONIC VACUUM TUBE. 


By ALEXANDER MARCUS. 


SYNOPSIS. 


Ampblification Constant of a Weagant Thermionic Vacuum Tube.—This tube has 
the control electrode on the outside and because of the presence of the glass wall, 
amplification is not possible for constant grid potentials. By making some simplify- 
ing assumptions, the author is able to develop a theoretical expression for the 
amplification constant which involves the dimensions of the tube and the resistivity 
of the glass wall. When this resistivity is either very high or very low, the amplifica- 
tion is small; in the latter case it is shown to depend solely on the dimensions. 

O far as the writer is aware no one has hitherto published any 

theoretical investigation of that type of triode in which the control 

electrode is outside of the tube. Moreover, as the theory of this tube 
must take into account the physical properties of the glass wall the 
many theoretical investigations already published of the action of the 
control electrode in the usual type of internal grid triode do not apply 
to the Weagant Tube. 

Before taking up the actual calculation of the amplification constant 
let us examine the physical phenomena. Let F, P, G and g in Fig. 1 
stand for the filament, plate, glass wall of the tube and 
control electrode respectively. When F is hot and P is |P 
positive with respect to F there is a current between 5 
F and P. When a third electrode is wrapped around 
G and a voltage applied to it, the plate current is re- J f 
sponsive only to changes in the latter. This tube there- ‘_.. 
fore does not function as an amplifier for constant ‘‘grid”’ Fig. 1. 
voltages. The cause of this peculiarity lies in the action 
of the glass. In this type of tube, as in the other varieties, the ampli- 
fying action is due to the variation in the space charge produced by 
the voltage on the control electrode. When there is no impressed po- 
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tential at the plate, there is a current due to diffusion outward from the 
filament in all directions until the space becomes saturated. Then 
the electron atmosphere is in equilibrium and a positive potential at the 
plate is required to maintain a current from filament to plate. Why a 
constant potential on the outside of the glass wall, if the resistivity of 
the glass be large compared with that of metals, is incapable of sustaining 
a radial electron flow is obvious from the following considerations. 

The radial current toward the inner face of the wall of the tube is 
nev, where n is the average number of electrons in unit volume near the 
inner face, e, the charge on the electron, and », the radial velocity. The 
current through the inner face of the glass due to a potential E is 
NE + C(dE/dt) where ) and C are the conductivity and specific inductive 
capacity respectively. We may write, nev = \E + C(dE/dt). For con- 
stant values of E the right-hand member of this equation vanishes, for, 
the conduction current term is small for ordinary glass and the displace- 
ment current C(DE/dt) becomes o after the transient effect due to the 
impressed voltage has subsided. On the other hand, whenever E is 
variable C(dE/dt) is not o and then the variations in the potential on 
the glass are communicated through the electron atmosphere to the 
stream between filament and plate. Amplification is then possible. 
In other words, a constant voltage on the glass is incapable of sustaining 
a radial flow and consequently incapable of varying the space charge 
between filament and plate. 

The complete theory of the action of the control electrode in the 
Weagant tube would require that expressions be found for the density 
of space charge, the potential and current everywhere in the tube, in 
terms of the voltage distribution over an extremely complex boundary 
and in terms of the geometrical constants of the tube and the physical 
constants of the glass wall. Such a procedure would necessitate the 
introduction of too large a number of assumptions of uncertain validity. 
Moreover it would be unnecessarily laborious in view of the fact that 
there is an alternative method of calculating the amplification constant 
which is both physcially and mathematically simpler. 


ELECTROSTATIC THEORY OF THE CONTROL ELECTRODE. 

Given three bodies (1), (2), and (3) distributed at random and having 
charges Q;, Qe, and Q; and potentials Vi, V2 and V3, we wish to find how 
the charge on (2) is connected with the potentials of the three bodies. 

It is proved in treatises on electrostatics that: 

Vi= P1101 + P1202 + P1303, 
Vo = PQs + P22Q2 + P2sQs, (1) 
V3 = P3101 + P32Q2 + P33Qs3, 
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where the #’s are called the coefficients of induction. From these three 


equations we find 
Qe = C12Vi + Co2V2 + Cos Vs, (2) 


where the c’s are the mutual capacitances and involve only the #’s. 
The V’s are absolute potentials. If (2) be taken as the body of standard 
potential, the difference in potential between (1) and (2) may. be main- 
tained by a battery of voltage e;, and similarly the potential difference 
V; — Ve may be maintained by a battery of voltage e;. Equation (2) 
may now be written 


Qe = C12€1 + Cox€3 + (Ci2 + Co2 + C23) Vo. 


If V2 be taken as zero, Qe = Cy2[e1 + (C23/Ci2)e] or Qe = Ci2(ei1 + ges), 
where g is the amplification constant, for, AQ2/Ae: = ci2 when e; is kept 
constant and AQ2/Ae3; = cig when e; is kept constant and g = C23/Ci2 
= Ae,/Ae; when e; and e; are both variable. 

We may now use this method of calculating g for our special case. 
We shall assume that the charges on the plate and on the glass wall are 
uniformly distributed and that the space charge is concentrated in the 
neighborhood of the filament. Before making use of equations (1) and 
(2), it is necessary to determine the value of 


Q,, the charge on the cylindrical glass wall , c 
" . : E 
corresponding to a potential E on it. ™ 
Cut a section in the wall of thickness dr a 
a Eet-—_ 


and height 1. The voltage at one face is E 
and at the neighboring face E + (dE/dr)dr. 
See Fig. 2. If R be the resistivity of the glass we may put: 


Fig. 2. 


dE 

ar = RdrI (J being the current) or 
dE 

> RI. (1.) 


The current flowing into the element dc will not equal the current 
flowing out, for two reasons, first the capacity Cdr will absorb a charge 
Cdr in the time dé and in the second place, the charge K Edrdt will leak 
out in the time dé if K be the conductance of unit volume of the glass. 
Idt is the charge entering the section at dc and dt[I + (0I/dr)dr] is the 
charge leaving at ab. Hence 


dE 
C7, ardt + KEdrdt = (7 - se dr ) at — Idt; 

t or 

dE dI 
Cy t+ KE=7_7. (II.) 
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This equation together with (I.) determines the charge on the glass in 
terms of E. 
Since K = 1/R, (II.) takes the form 


dE E dl 
CutR a 
where C is of the order of 6/(9 X 10") farads, and R ranges in value 
from 10 to 10 ohms. If the impressed voltage be E sin pt, p being 
of the order of 5-10°, the term E/R is negligible compared with C(dE/dt) 
for all values of E. From 
dE _ dl 


“a"@ (tit) 


we get CE = (dQ/dr) where Q is the charge per unit volume of the glass. 
From (I.) and (III.) we get d*E/dr? = CR(dE/dt), the solution of which 
is, E = «**-" Vy sin {pt — a(a — r)} where a = VCRP/2, a, is the 
outer radius of the tube and Vp sin pt is the voltage impressed upon the 
external electrode. a(a—r) is negligible compared with pf after a 
very short time, since as, where s is the thickness of the tube, has a 
value less than 40 for p = 5-10°, C = 6/(9 X 10"), R < 10. We may 
therefore put E = «~*~ Vo sin pt. 

Designating the total charge on the cylinder by Q, and the impressed 


voltage by V, we get: 
aQg 


hee 2mahsC(1 — €*")* 


We are now ready to resume the calculation of g. In pace of the 
subscripts 1, 2, and 3 in equations 1, we shall use p, f, and g to stand 
for plate, filament and glass respectively. Equations I may now be 


put into the form 
Vp _ PQ oP p/QsP n.Qos 
Vs = PyQpPsQsP1.Qos i | 





Vy = PoxQpPoiQsP Qo. y 


< 
The axis of z passes through the filament and axis of 1 
the plate, as shown in Fig. 3. Fig. 3. 


x= 


PQ,= Qo; = Potential of the plate when all other conductors are at 


zero potentia'. 


QO; (2 rdr om 


Pot = iS, Vt R 
4 





2nradz 


_ Ov [” - 
Pulte = St. f ger a 
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This is based on the assumption that the charge on the plate occupies a 
small area compared with the area of the cylinder. 


2 dr Q b? 
P3,Qp = 20 j Fy > 7 xb} = 3h 2? (approx.). 
ry 
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P7Qz = 0 W+a2 2nah = 1 sinh. Qo. 


2nadz Q> 


PorQp -f Vs — a? +a? — =; sinh -% * Qp. 
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(The value of f is not required for the purpose of calculating the ampli- 
fication.) 
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where A is a determinant involving only the coefficients of the Q’s. 
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Designating the amplification constant by g, we have 
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In this expression for the amplification constant the physical properties 
of the glass are involved only in the term 
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For values of R 5 10” ohms/c.c., e«~™™ is negligibly small compared with 
1, therefore for large values of R, i. e., for non-conducting glass, T varies 
as VR and g grows smaller as G grows larger. Using the values a = 0.75 
cm., b = 0.7 cm., and h = 1 cm., gotten by a measurement of a tube, 
g is found to have the values 5.6 for R = 10”, 0.9 for R = 10", and 0.3 
for R = 10", 

In making comparisons between calculated values and those deter- 
mined experimentally it should be kept in mind that in our fundamental 
equations the capacity coefficients were calculated on the assumption 
that the tube had a height / extending from filament to plate. In the 
tube that was measured the total length of the tube was nine times the 

size of the portion designated as h in Fig. 4. It may be 
necessary in order to secure good agreement between theory 

| and experiment to take as the effective length of the tube 
a value larger than the h indicated in the figure. 

A As might be expected from physical considerations, g does 
not continue to increase with a decrease in R. To make 
this fact apparent let us simplify the form of T for small 
values of R. For p = 5.10 and C = 6(9 X 10") farads, 

Fig. 4. a = 4-10°% VR. Taking s = 0.08 cm., we find that when 
R Z 10" ohms/c.c. «~” is not negligible. Putting for «~ 

in T the expansion 


where 


-r> 


- (as)? 


e* =1—as+ “ia 





and retaining only the lowest powers of a’s we get 
as I 


2rahs* (as + “)  2mahs? 
2 





Tf =n 


for small values of s. 

For this condition T becomes large and is the predominating term in 
the denominator of the expression for g. Then g becomes less than 1, 
the actual value being dependent solely on the dimensions of the tube. 

In conclusion the writer wishes to thank Professor Alfred N. Goldsmith 
for extending to him the facilities of the research laboratories of the 
Radio Corporation of America and Mr. Julius Weinberger of the Research 
Department for giving valuable information on the behavior of the tube 
in practice. 


RESEARCH DEPARTMENT OF THE 
RapDIO CORPORATION OF AMERICA, 
June 19, 1920. 
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‘ STUDIES WITH THE IONIZATION GAUGE. 


I. CONSTRUCTION AND METHOD OF CALIBRATION. 


By S. DUSHMAN AND C. G. FOuND. 


SYNOPSIS. 


An Ionization Gauge for Measuring Very Low Pressures.—This gauge is the 
result of an attempt to develop a more convenient instrument than those previously 
available. It is based upon the fact that the positive ionization produced by a given © 
stream of electrons varies with the gas pressure. By adopting a construction similar 
to that used for low power pliotrons, erratic effects due to the charging up of the 
glass walls were avoided and, with a constant electron emission, a linear relation 
was obtained between ionization current and pressure down to the lowest pressure 
actually obtaiued, about 107% bar. For pressures above 107 bar the calibration 
was carried out by comparison with a McLeod gauge; but for lower pressures a 
method was used which involves an application of Knudsen’s laws of flow. Char- 
acteristic curves showing the effect of varying the positive voltage and the electron 
emission on the ionization current are given. The low limit of pressure measurable 
with such a gauge is fixed only by the sensitivity of the galvanometer used to measure 
the ionization current. With an ordinary sensitive galvanometer,: pressures as 
low as 10~ bar ean readily be determined. 


INTRODUCTION. 


URING the past few years, as the technique of high vacuum pro- 
duction has improved, there have of necessity been developed a 
number of methods of measuring these extremely low gas pressures. 
Of these methods, the absolute gauge devised by M. Knudsen! and the 
molecular gauge suggested by I. Langmuir® have been used fairly exten- 
sively. In both types, however, the difficulties of construction and 
operation are such as to make their use very inconvenient. 

Some time ago Dr. Hull suggested to the writers that a gauge might 
be devised based on the measurement of the amount of positive ionization 
produced by an electron stream. After some preliminary experiments 
had been carried out with a gauge based on this suggestion, a paper on 
the same subject appeared by O. E. Buckley.® 

More recently Misamichi So‘ has also described the results of an 
investigation carried out with a gauge constructed on the same principle. 


1 Ann. Phys., 32 (1910), and 44, 525 (1914). ' 

2? Puys. REvV., I, 337 (1913), and also S. Dushman, Puys. REv., 5, 212 (1915). This 
paper contains a brief review of the different types of gauges that have been used for measuring 
very low gas pressures. 

3 Proc. National Acad. of Sciences, 2, 683 (1916). 

4 Proc. Physico-Mathem. Soc. Japan, I., 76 (1919). 











RCOND 
8 S. DUSHMAN AND C. G. FOUND. —sy 


The manometer consists of three electrodes sealed in a glass bulb which 
serve as cathode, anode and collector of positive ions respectively. The 
cathode may be either an incandescent tungsten filament or Wehnelt 
cathode. Under the influence of the accelerating field due to the anode 
the electrons ionize the gas molecules with which they collide and the 
positive ions thus produced are collected by the third electrode which 
is negatively charged with respect to the more negative terminal of the 
cathode. 

According to Buckley, ‘‘The exact forms of the electrodes are not of 
great importance. The collector is preferrably situated between the 
other two electrodes and of such form as not to entirely block the electron 
current to the anode.’ Preliminary experiments were carried out with 
a simple gauge consisting of three V-shaped filaments placed in parallel 
planes. (A similar construction has also been used by So.) On trial, 
it was found, however, that with this construction it was not always 
possible to obtain a linear relation between ionization current and 
pressure. Also, there was trouble due to the charging up of the glass 
walls. In the present paper the authors describe a type of gauge which 
gives a linear relation between pressure and ionization current and which 
shows no erratic effects from charging up of the glass walls. 


DESCRIPTION OF GAUGE. 


Of the many types of construction tested, that shown in Fig. 1 has 
been found to have the best characteristics for measuring small pressures. 
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Fig. 1. 
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It consists of two tungsten filaments, each wound in the form of a double 
spiral and mounted co-axially on a four lead stem which is sealed into 
the lower end of a glass tube about 4 cms. in diameter and 12 cms. long: 
The inner spiral is made of 5 turns of 0.125 mm. tungsten wire wound on 
a 2.25 mm. mandrel. The outer spiral is made of 3 turns of 0.125 mm. 
tungsten wire wound on a 3.65 mm. mandrel. Surrounding the spirals 
is a molybdenum cylinder about 12 mm. in diameter and 12 mm. long, 
which is supported on a two-lead stem at the upper end of the tube. 


PRELIMINARY TREATMENT OF GAUGE. 


Before using the gauge for any measurements it is absolutely essential 
that all water vapor absorbed on the glass walls and gases occluded in 
the metal parts be completely eliminated. The usual practice adopted 
by the writers in the treatment of the gauge preliminary to calibration 
is as follows: After starting the exhaust with a Langmuir condensation 
pump, the gauge is heated in an oven to 360° C. for at least one hour. 
This removes practically all the water vapor. In order to free the molyb- 
denum cylinder of gas, it is made anode with respect to the outer spiral 
which is used as hot cathode. The temperature of the latter is adjusted 
by varying the current through it until the electron emission is about 
100 milliamps. With an anode voltage of 250 volts this corresponds to an 
energy input of 25 watts (5.5 watt/cm.? approx. anode area) and is 
sufficient to raise the temperature of the cylinder to a red heat. The gas 
liberated in consequence of this electronic bombardment causes blue 
glow in the gauge, which disappears as the exhaust proceeds. The 
electron emission is then gradually increased until finally it reaches 
about 400 milliamps., corresponding to 100 watts energy input (22 watts/ 
cm.”). With this amount of energy the cylinder runs at a bright red 
heat (about 1900° K.) and the elimination of gas occurs very rapidly. 
Momentarily the energy input may be increased to 150 watts; but there 
is serious danger, under these conditions, of melting the cylinder locally. 
After this treatment the anode is usually quite bright and all traces of 
oxide on its surface have disappeared. 

To clean the leads supporting the spirals, one spiral is used as hot 
cathode to bombard the other which is used as anode. With an energy 
input of 15 to 20 watts, the leads are heated to a bright red heat and 
gas is removed very rapidly. It is of the utmost importance to have the 
leads free from gas before taking any measurements with the gauge as 
otherwise there will be a continual evolution of gas during the experi- 
ment. 











10 S. DUSHMAN AND C. G. FOUND. aang 


CHARACTERISTICS OF GAUGE. 


The measurements which are discussed in this paper were carried out 
with pure argon, the gas being introduced into the gauge after it had been 
exhausted by the above method to a good vacuum. In all cases, the 
residual gas pressure (as shown by the ionization current) was less 
than 0.1 per cent. of the pressure of the gas introduced. As the ionization 
gauge reads total gas pressure, extra care was taken to eliminate mercury 
vapor and other condensible gases from the gauge when introducing the 
argon. 

The positive ionization current will in general be a function of the gas 
pressure, electron current, anode voltage, and collector (negative) voltage. 
A number of characteristics were therefore taken to determine the effect 
of each of these variables. The arrangement of the electrodes for this 
set of measurements was as follows: The inner spiral was the cathode, 
the outer spiral was the anode and the cylinder was the collector of 
positive ions. 

It was observed that varying the collector voltage (only) from o to 
— 22 volts (with respect to the negative end of the cathode spiral) 
caused only a slight increase (about 10 per cent.) in the ionization current. 
However, in order to eliminate absolutely the possibility of any electrons 
reaching the negative electrode, the potential of the latter has been 
maintained at — 22 in all the measurements with the gauge. 

Fig. 2 shows the relation between anode potential and ionization cur- 





Fig. 2. 
Argon at 1.85 bars. 
Anode milli-amps = 0.5. 
Collector volts = — 22. 
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rent at a pressure of 1.85 bars argon and with a constant electron current 
of 5 X 10 amps. It will be observed that just above 50 or 60 volts, 
the ionization current increases at first very rapidly and then more 
slowly, as the voltage is raised still higher. This portion of the curve is 
found to satisfy an empirical relation of the form 


i = iy (1 — e-*"-), 


where 7 = ionization current, V = anode volts 79, B and Vo are constants. 
Fig. 3 shows the effect of varying the electron emission. The pressure 





Fig. 3. 


Argon at 1.85 bars. 
Anode volts = 250. 
Collector volts = — 22. 


in this case was again 1.85 bar, and the anode potential, 250 volts. It 
will be observed that there is a deviation from the linear relation which 
might be expected to exist between ionization current and electron 
current. The reason for this is probably to be explained by the fol- 
lowing considerations: With the arrangement of electrodes indicated 
above electrons passing from the inner spiral to the outer one do not 
take the shortest path. Most of them pass beyond the anode, into 
the space between the latter and the cylinder until the potential gradi- 
ent due to the latter becomes negative and thus causes the return 
of the electrons towards the outer spiral. The amount of positive 
ionization depends both on the number of electrons and the length of 
path traversed by these electrons between cathode and anode. It is 
evident, however, that as the electron cyrrent increases the average length 
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of this path is decreased because of the space charge of the electrons 
between the anode and collecting electrode, and consequently the relative 
ionization is also decreased. 

From the characteristics just described, the following conditions were 
chosen: 250 volts on the anode, — 22 volts on the collecting cylinder 
and a maximum electron current of 20 milliamperes. The sensitivity 
of the gauge is controlled by the electron current but it is found that the 
two values 0.5 and 20 milli-amperes respectively, cover a range sufficiently 
broad for all practical purposes (50 to 0.0001 bar). 


CALIBRATION OF IONIZATION GAUGE. 


The first calibration of the ionization gauge was made by checking 
directly against a fine McLeod gauge. Both gauges were attached to 
the same Langmuir condensation pump and the ionization gauge was 
separated from the McLeod gauge and mercury pump by a liquid air 
trap, which prevented mercury vapor and other condensible gases entering 
the ionization gauge. The entire system was evacuated and the metal 
parts of the ionization gauge thoroughly cleaned by bombardment as 
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Fig. 4. 











described above. Argon was then let into the apparatus and simul- 
taneous readings taken on the McLeod and ionization gauges. The 
results of these observations are shown in the curves of Fig. 4. The three 
curves represent observations with three different electron currents. 
All show a straight line relation at the lower pressures and furthermore, 
this straight line when produced back passes through the origin. It, 
therefore, seemed justifiable to conclude that the ionization current 
under the above conditions, is directly proportional to the pressure for 
low pressures. As the pressure, is increased the ionization current in- 
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creases more rapidly, due, no doubt, to ionization by collision. This 
conclusion is in accord with the observation that at the pressure at which 
the curve begins to increase, a faint blue glow may be observed in the 
gauge. It will also be noted that the lower the electron current, the 
higher the pressure at which the linear relationship fails to hold. In 
accordance with this observation it was found that 0.5 milliamps and 
125 volts on the anode gave a linear relation up to 50 bars, as shown in 
Fig. 5, so that under these conditions the ionization gauge may be used 





Fig. 5. 


Argon. 

Anode milliamps = 0.5. 
Anode volts = 126. 
Cylinder volts = — 22. 

1 Bar = 1.72 X 107% amp. 


to read fairly high pressures, while with 20 milliamps and 250 volts, 
the linear relation is only valid for pressures below about 1 bar. 


CALIBRATION OF GAUGE AT VERY LOW PRESSURES. 


In order to obtain a calibration of the gauge at pressures lower than 
‘ those measurable on a McLeod gauge, a method was devised based on 
Knudsen’s laws of flow.1. A sketch of the apparatus is shown in Fig. 6. 
Two large bulbs A and B, are connected by a fine capillary tube, C; 
a McLeod gauge being connected to bulb A at M, and an ionization 
gauge G to bulb B. 


1M. Knudsen, Ann. der Phys., 28, 81 (1909). These relations are also discussed by S. 
Dushman, Gen. Elec. Rev., June, 1920, p. 493. 
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Both bulbs are directly connected at P; and P; through mercury traps 
S, and S; to a Langmuir condensation pump in series with an oil pump. 
Between bulb A and the capillary tube is another mercury trap Se 
followed by a liquid air trap Z, which condenses the mercury vapor 
and prevents its flow through the capillary. The capillary is joined to 


CALIBRATION OF IONISATION GAGE 
BY METHOD OF FLOW 























») 





Fig. 6. 


the bulb B, through a liquid air trap Le, which serves to keep mercury 
vapor and other volatile gases out of the gauge. The complete system is 
evacuated to a high degree, special care being taken with bulb B, which 
is heated in an oven at 360° C. for an hour. After this treatment the 
ionization gauge is bombarded as described earlier in this paper, until 
the ionization current decreases to a very small value which does not 
increase when the gauge and bulb B are closed off by mercury traps 
S2 and 5S; from the rest of the system. After the traps S: and S; are 
closed, bulb A is washed out with argon which is let in through J and 
when A contains from 10 to 20 bars of argon the trap S; is closed. When 
the trap S, between A and the capillary is opened the argon flows into 
the bulb B, and the ionization gauge. The rate of increase of pressure 
in B can be calculated from Knudsen’s formula 


dp Psa—Pep 
Q _ Va = Wp ’ (1) 
where Q = quantity of gas flowing through the capillary per unit of 


time. 

V = Volume of bulb B. 
dp , : 
7 rate of increase of pressure in B. 
P.« = pressure in bulb A (read on McLeod gauge). 
Px = pressure in bulb B (ionization gauge). 

W = “resistance”’ of capillary. 

p = density of gas at unit pressure and temperature of capillary. 
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According to Knudsen, 


2.394L , 3.184 


W - Ds + D? ’ 





where L = length of capillary 
D = diameter. 

In the actual arrangement used for calibration, L = 127.3 cm., 
D = 0.068 cm. 

Hence, W = 9.68 X 10° + 700. 

Furthermore 
_ M 
~ 83.15 X 108 





p 7 (gms./cm.? at 1 bar) 


= 1.6 X 10~* gms./cm.’ at 1 bar for argon at 20° C. 
Also V = 3100 cm.’ 
Since P, was always very small compared to P4, we can write equation 
(1) in the form 
dp Ps 
eee ae a 2 


The volume of the bulb A was so large, and the rate of flow of gas so 





Fig. 7. 


di/dt = .47 micro-amps. per min. 
dp/dt = .006 bars per min. 
.. d/Li = .0128 bars per micro-amp. 


Anode volts = 250. 
Anode milli amps = 20. 
Cylinder volts = — 22. 
P,4 = 12.6 bars. 
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small, that Ps remained practically constant during a calibration. 
Substituting in equation (2), the actual values for V, W and p, we 
obtain the relation: 


7 . ot = 4.98 X 10~ bars per minute per bar pressure in Bulb A. (2a) 

Now let di/dt denote the observed rate of increase in the positive 
ionization current as read on the gauge G. Assuming a linear relation- 
ship between 7 and #, the value of di/dt ought to be a constant for any 
one set of observations. That this is true is shown by the results plotted 
in Fig. 7 for a set of measurements in which P, = 12.6 bars. Similar 
results were obtained at different initial values of Pa, so that we can 


write 

dp_, id 

dat” dt (3) 
or 

k = p/i. (3a) 


The following table gives a summary of the results of a series of such 
calibrations for argon at different values of dp/(dt), as calculated from 
equation (2a) with an anode current of 20 milliamps and anodes potential 
of 250 volts. 

















d, Bars | ( di Amps xX 10-* Bars 
(4) = (Gaim ) Cale. | (3) = (a ) one. =( genes) 

0.0116 0.85 0.0145 
0112 0.91 0.0124 

.0081 0.58 0.0140 

.0071 | 0.52 0.0133 

.0060 0.47 0.0128 

0059 | 0.44 0.0132 

.0057 | 0.39 0.0146 

.0056 | 0.52 0.0108 

| Average 0.0132 











P That is, with an anode current of 20 X 10-* amps. I microampere 
positive ionization corresponds to 0.0132 bar argon. With an ordinary 
galvanometer it is possible to read currents as low as 10~* amps., corre- 
sponding to about I X 10~ bar, and with more sensitive galvanometers 
much lower pressures can evidently be measured. Actually, the lower 
limit of pressures observed in the above measurements was about 0.005 
bar. Since the linear relation holds down to this pressure, it seems quite 
justifiable to assume that it would be valid down to the lowest attainable 
pressures. 
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‘* INTERNAL CONTROL’’ CONNECTION. 


With the electrical connections used in the above calibration, it was 
found, as has already been mentioned, that the positive ionization current 
is not quite proportional to the electron current. In view of the explana- 
tion given above, it suggested itself that the length of path traversed by 
the electrons would be practically independent of the current density; 
if the outer spiral is used as cathode, the cylinder as anode, and the inner 
spiral as collector. Under these conditions it was anticipated that the 
relation between positive ionization current and anode current would be 
linear. Fig. 8 shows that this is actually the case. From analogy with 





Fig. 8. 


Argon at 1.85 bars. 
“Internal control” 
Cylinder volts = 250 
Collector volts = — 22. 


the similar type of connection used in wireless work we have designated 
this as “internal control”’ connection. Fig. 9 shows the relation between 
anode voltage and ionization current. This curve shows a rapid increase 
in ionization current up to about 80 volts, after which the curve is prac- 
tically flat up to 250 volts (the highest voltage used). There is also 
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practically no change in ionization current for a variation in the potential 
of the inner spiral from 0 to 30 volts. 

This method of connections has advantages over the first method, 
especially when it is to be used for measuring a considerable range of 





Fig. 9. 


“Internal control”’ 
Argon at 1.85 bars. 
Anode milli-amps. = 10. 
Collector volts = — 22. 


pressures. The sensitivity of the gauge can be changed by merely altering 
the electron current and if we have a calibration for one value, we have 
it for all values, since it is a linear relation. Moreover, changing the 
anode voltage from 250 to 125 does not sensibly affect the calibration. 
On the other hand, with the first method of connection, we must actually 
calibrate the gauge for each electron current at which we desire to work. 
There is, however, considerable difference in sensitivity for the two 
connections. The constant, K, of equation (3) 


k = pli 


when the anode voltage is 250, electron current is 20 milli-amps and 
collector voltage is — 22, is given below for the two methods of connec- 














tions. 
Cathode. Anode. Collector. | K 
Inner spiral Outer spiral Cylinder .013 
Outer spiral Cylinder Inner spiral .032 
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The sensitivity (as measured by microamps per bar) is evidently lower 
with the internal control connection. This is easily explained since with 
the first connection the electrons travel from the inner spiral almost to 
the cylinder and then back to the outer spiral, while in the second case 
they travel directly from the outer spiral to the cylinder. That is the 
sensitivity is in the ratio of the lengths of paths of the electrons. Thus, 
the second method has the advantage when a large range of pressures 
is to be measured, while the first method is more sensitive for measuring 
very low pressures, using the latter, pressures as low as 0.0001 bars 
have been measured. This corresponds to a positive ionization current 
of about 10-* amperes which is about the limit for the ordinary gal- 
vanometer. 
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THE CRYSTAL STRUCTURE OF ICE. 


By D. M. DENNISON. 


SYNOPSIS. 


Crystal Structure of Ice as Determined from X-ray Pattern.—A small sample of ice 
composed of minute crystals, gave by Hull’s method a pattern of 12 clearly defined 
lines whose positions indicate that the lattice of an ice crystal corresponds to a 
hexagonal close-packed arrangement of molecules, consisting of two sets of inter- 
penetrating triangular prisms with sides 4.52 A and height 7.32 A. Since for close- 
packed spheres the axial ratio should be 1.633 instead of 1.62, the ice molecules act 
like spheres which have become flattened by 0.8 per cent. in the direction of the 
hexagonal axis. This lattice is practically the same as that found for magnesium, 
but the differences in relative intensity between the lines of the two X-ray patterns 
suggest that ice molecules and magnesium atoms must differ considerably in shape. 

Molecular Formula for Ice.—From the density of ice and the dimensions of the 
lattice it follows that the formula for an ice molecule is (H2O)2 or H4O2. 


_ photographs of ice were made in the same manner as the 

crystal powder photographs described by A. W. Hull.’ A small 
quantity of distilled water was inclosed in a thin-walled capillary tube 
of lime glass. The tube was then plunged quickly into liquid air, freezing 
the water with such rapidity that only very minute crystals were formed. 
The tube was then kept at liquid air temperature in a specially con- 
structed Dewar flask. The sample was rotated continuously during the 
10-hour exposure to the X-rays from the molybdenum target of a water- 
cooled Coolidge tube which was running at 32,000 volts, 25 milliamperes 
direct current. The photographic film was bent in a semicircular arc of 
radius 19.8 cm. The tube of ice was placed in the axis of this arc. A 
good photograph was obtained which contained 12 lines, the data from 
which are recorded in the table. 

The first column gives the angular deviation of each line, the second 
gives the intensities, which were only roughly estimated, and the third 
gives the intensities of the corresponding magnesium lines as estimated 
by Dr. Hull.2 The fourth column gives the observed plane spacings, 
while the fifth gives the theoretical plane spacings which would corre- 
spond to a close packed hexagonal lattice, consisting of two sets of 
interpenetrating triangular prisms, the sides of whose bases are each 


1 Puys. REv., 9, 85, Jan., 1917. 
2 Pro. Nat. Acad. Sci., Vol. 3, pp. 470-473, July, 1917. 
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4.52 Angstroms and whose height is 7.32 Angstroms. The observed and 
theoretical spacings agree within the limit of experimental error. 



































- Spacing of Planes in 

Deviation of “alee Magnesium Angstroms. ma oaks ~ 2. 

hago. (Estimated). Comparison. Obs. | Cal. a: Planes. 
10.44 1 4.7 3.92 3.915 1070 3 
11.16 10 — 3.67 3.671 0001 1 
11.88 2 10.0 3.44 3.453 1071 6 
15.30 1.5 3.3 2.68 2.675 1072 6 
18.12 1 | 4.7 2.26 2.260 1120 3 
19.86 5 4.0 2.065 2.065 1013 6. 
21.38 1 | 4.0 1.92 1.925 1122 6 
27.16 15 | 1.0 1.516 | 1.528 2023 6 
30.20 2 1.3 1.368 | 1.372 1075 6 

| 1.368 | 1.372 1232 12 

31.76 25 | 0.2 1.30 | 1.305 1070 3 
33.08 25 | 1.0 1.25 | 1.268 1233 12 
35.54 5 | 0.3 1.167 | 1.165 2025 6 


| 
| 





The above values give an axial ratio of 1.62 in good agreement with 
the crystallographer’s value of 1.617.1_ An hexagonal lattice of close 
packed spheres has an axial ratio of 1.633. The data from the photograph 
seem to indicate that 1.62 is a more probable value than 1.633 for the 
structure of ice. This ratio and the dimensions of the elementary prism 
were determined by means of a set of graphs, made by Dr. Hull and Dr. 
Davey, which is to be published shortly. 

Estimating p the density of ice at liquid air temperature as p = .944, 
the number N of molecules of H,O per cubic centimeter may be calculated. 
N= =. 3-154 X 10”. 

18 

The volume V of the elementary prism may also be found, knowing 
that a the base and h the height of the prism are 4.52 A. and 7.32 A. 
respectively. 

V= we = 0.6478 X 107” c.c. 

The number of HO molecules per unit prism is then equal to the 
product VN. 

n = VN = 2.04. 


Ice belongs then very nearly to one of the two alternate arrangements 
which inelastic uniform spheres may assume if packed as closely as 


' Gmelin Kraut, Handbuch der Anorganischen Chemie, Heidelberg, Vol. I, 1, p. 107 (1907). 
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possible. This is the same form that magnesium atoms take. If the 
molecules of ice and the atoms of magnesium were identical in arrange- 
ment and form, not only would the plane spacings be proportional but 
also the intensities of the lines would be similar. From columns 2 and 3 
of the table it may be seen that the intensities are not proportional. 
With increased knowledge of crystal structure these data may furnish 
information regarding the shape of the molecule of water. With the 
hexagonal close packed type of lattice each prism contains on the average 
one molecule. The result calculated above indicates that in ice crystals 
the molecules of water are of the form (H2O):2 or H4Ox. 


RESEARCH LABORATORY, 
GENERAL ELECTRIC COMPANY, 
SCHENECTADY, N. Y., 
August 14, 1920. 
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THE HALL EFFECT AND THE NERNST EFFECT IN 
MAGNETIC ALLOYS. 


By ALPHEUS W. SMITH. 


SYNOPSIS. 


Hall Effect in Magnetic Alloys.—In the iron-copper series a maximum effect was 
obtained with 1.5 per cent. copper. The variation with composition is very similar 
to the variation of electric resistance. In the nickel-copper series the effect reaches a , 
maximum with about 26 per cent. copper when the composition corresponds to the 
formula CuNis, and then drops suddenly to a small fraction of its maximum value. 
In the iron-nickel series, although the effect is positive for iron and negative for nickel, 
the effect increases linearly with the proportion of nickel added to iron until for 13 
per cent. nickel it is six times as great asfor pureiron. In certain alloys the variation 
of the effect with the field strength is anomalous, the effect being negative for weak 
fields and positive for strong ones. An explanation based on the theory of Borelius 
is suggested which assumes that in addition to the positive part of the effect which 
is proportional to the field strength there is a negative part which reaches a limiting 
value for strong fields. 

Nernst Effect in Magnetic Alloys.—In the nickel-copper series the effect varies with 
composition in nearly the same way as the Hall effect does, reaching a maximum for 
the composition CuNis. In the iron-nickel series, the effect decreases with the 
addition of nickel, becoming zero for about 2.2 per cent. nickel and positive for 
higher concentrations. With 13 per cent. nickel the effect is about five times as 
great as in pure iron. 

Relation of the Hall and Nernst Effects to Crystal Structure.—It is suggested that the 
amount and direction of these effects are determined by the crystal lattices and the 
fields of force in the intramolecular spaces. 


HE Hall effect and the Nernst effect in magnetic alloys are of 
peculiar interest because of the fact that any theory of the reversa 

of these effects considers the molecular magnetic fields about the mole- 
cules as a large factor in determining the direction of these effects. 
That these molecular fields can not offer a complete explanation of these 
reversals is evident from the fact that the Hall effect is positive in iron 
and cobalt and negative in nickel,—the other magnetic element. Yet 
these molecular fields must have a part either directly or indirectly in 
determining the direction of these effects. Whether these molecular 
fields produce their effect by determining the polarization as the theory 
of Borelius! indicates or by producing a deflection of the free electrons 
opposite to that caused by the impressed magnetic field as the theory 
of Thomson requires,? is question for which there is now no answer. 


1 Borelius, Ann. der Phys., 58, p. 489, 1919. 
2 Thomson, The Corpuscular Theory of Matter, p. 70. 
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In view of the importance of the direction of the Hall effect and the 
Nernst effect in magnetic substances it seemed desirable to make some 
additional observations on these effects in magnetic alloys. 


THE ALLOys. 


The magnetic, optical and thermal properties of a number of magnetic 
alloys prepared by Burgess and Aston! from very pure electrolytic iron 
have been studied in the Electrochemical Laboratory and in the Physical 
Laboratory’ of the University of Wisconsin. Since these alloys were 
exceptionally pure and made with great care it was desirable to make 
the observations on the Hall effect and the Nernst effect in these same 
alloys as far as possible. This avoids the uncertainty which arises out 
of composition and methods of preparation. Professor Kowalke, of the 
Department of Chemical Engineering of the University of Wisconsin, 
kindly supplied me with the specimens of iron-copper and iron-nickel 
alloys used in this investigation. For this assistance I am greatly 
indebted to Professor Kowalke. These specimens were taken from 
alloys prepared by Burgess and Aston. Concerning their preparation 
and purity reference is made to the work of Burgess and Aston* and to 
that of Ingersoll.t | From these specimens were forged plates of suitable 
dimensions for my observations. 

The nickel entering into the nickel-copper series was kindly furnished 
me by Mr. John F. Thomson, of the International Nickel Co. It was 
electrolytic nickel giving according to Mr. Thomson the following 
analysis: nickel, 99.840 per cent.; copper, 0.108 per cent.; and iron, 
0.130 per cent. The copper used in the nickel-copper series was obtained 
from the Baker Chemical Co. The analysis supplied with it showed 
only negligible traces of impurities. 

The nickel-copper alloys were prepared by melting weighed amounts of 
nickel in a magnesia crucible heated in a gas blast furnace. When the 
nickel had melted weighed amounts of copper were dropped into the 
crucible and the mixture thoroughly stirred with a graphite rod. The 
alloy was then allowed to cool slowly until it had solidified and reached 
room temperature. This cooling took place without removing the cru- 
cible from the furnace and required about four hours. From the ingots 
thus prepared was cut a plate of suitable thickness and area for observa- 
tions on the Hall effect and the Nernst effect. The compositions indi- 
cated in the following tables were determined from the weighed amount 
of nickel and copper entering into the alloys. 


1 Burgess and Aston, Met. & Chem. Eng., 8, 23 and 79, 1910. 
2 Littleton, Puys. REv., (33. p. 453- 1911) Ingersoll, Puys. REv., N.S., 16, 126, 1920. 
* Burgess and Aston, ibid. 

ngersoll, ibid. 
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THE HAL EFFECT. 


The observations on the Hall effect were made at room temperature 


by the method described by the author! in previous papers. The value 
1 Smith, Puys. REv., p. 30, I, 1910. 


of the Hall constant R was calculated by means of the familiar equation, 
(H 
E=R 7’ 
where 
E = the Hall electromotive force in absolute units, 


H = the magnetic field in C.G.S. units, 
4 = the current in the plate in C.GS. units, 
d = the thickness of the plate in centimeters. 


The observations on the iron-copper series have been plotted in Fig. 1; 


w Ex/0%cgs. 





é le 18 Hxi0%qs. 
Fig. 1. 


those on the nickel-copper series in Fig. 2 and those on the iron-nickel 
series in Fig. 3. In these figures the Hall electromotive forces in a plate 
I cm. thick, carrying a current of one absolute unit have been plotted 
as ordinates and the magnetic fields as abscissa. These curves showing 
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the relation between the Hall electromotive force and the magnetic field 
which produced it, consist of a part in which the electromotive force is 
proportional to the magnetic field followed by a part showing the electro- 
motive force increasing slowly and approaching saturation for large 
magnetic fields. 

The Hall constants for these alloys have also been plotted as functions 
of the composition in Figs. 4 and 5. In these figures the Hall constants 


Uf ec 
icrohms. 


Qi 





10 2 30 %4 5 60 Wt. v. 
Fig. 4. 


have been used for ordinates. In Fig. 4 the abscisse are the percentage 
of copper in the alloys and in Fig. 5 they denote the percentages of nickel 
in the iron-nickel series. The values of the Hall constants plotted in 
these curves and also given in Tables I., II. and III. have been calculated 
for values of the magnetic field at which there is still proportionality 
between the magnetic field and the Hall electromotive force so that for 
these and smaller fields the Hall constant is independent of the magnetic 
field. Curve A (Fig. 4) showing the relation between the Hall constants 
and the percentages of copper in the alloys for the iron-copper series 
calls attention to the rapid rise in the Hall constant produced by adding 
a small amount of copper to iron. Although the Hall effect is positive 
in iron and negative in copper the addition of copper to iron causes an 
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increase in the Hall effect. After the alloy contains 1.5 per cent. of 
copper a further increase in the percentage of copper produces a sudden 
drop in the Hall effect after which the effect decreases slowly with 


Qx10 


RxlO 


+50 


+30 


+20 


+10 





2 + 6 8 10 12 Wht BNI. 
Fig. 5. 


further increase in the content of copper. The form of this curve is quite 
similar to the dotted curve of Fig. 4 showing the dependence of the 
specific resistance on the percentage of copper in the alloys. This 
curve is from the work of Burgess and Aston! on these same alloys. 
The peaks in the curves occur at the same concentration and with the 
exception of the point representing the alloy containing 7 per cent. of 
copper the general characteristics of the curves are the same. Evidently 
the factors which determine the electrical resistance in this case must in 
large measure determine the Hall effect. 

Curve B (Fig. 4) shows the influence of copper on the Hall effect in 
nickel. There is at first a rapid rise in the effect with the addition of 
copper. This rise continues until the alloy contains a little more than 
26 per cent. of copper where the Hall effect has its largest value which is 
about eleven times its value in pure nickel. As the percentage of copper 


1 Burgess and Aston, Met. & Chem. Eng., 8, 79, 1910. 
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TABLE I. 
The Hall Effect in Iron-copper Alloys. 














Per Cent. Fe. | Per Cent. Cu. R 
100 0 + 11.2 x 1073 
99.196 .804 + 12.2 
98.49 | 1.51 + 21.0 
98.0 2.0 + 19.0 
96.0 4.0 | + 16.3 
93.84 | 6.16 | + 15.6 
92.95 7.05 | + 15.2 

















is still further increased the effect decreases rapidly reaching a value 
which is about eighty per cent. of the value in pure nickel for the alloy 
containing 35 per cent. of copper. As the percentage of copper is 
increased more and more the Hall effect continues to decrease evidently 
approaching the value in pure copper. The break in the curve showing 
the Hall constant as a function of the concentration of nickel indicates 
clearly the formation of the compound CuNi; when the proper amounts 
of nickel and copper are present in the alloy. It is worthy of note that 
although the direction of the Hall effect in nickel is opposite to that in 
iron, the effect produced by introducing small quantities of copper into 
iron or nickel is the same—a very large increase in the Hall effect. This 
increase is more rapid in iron than in nickel but continues to higher 
concentrations of copper in the case of nickel than in the case of iron. 


TABLE II. 
The Hall Effect and the Nernst Effect in Nickel-copper Alloys. 











Per Cent. Ni. | Per Cent. Cu. R | Q 
| | 
100 0 | — 76510 | + 3.48 x 107 
95 | 5 | — 29.8 | +118 
92.5 | 7.5 | — 40.9 | 147 
90 | 10. | —52.0 | +207 
85 | 15. | = 59.1 | + 25.6 
75 | 25 | = 83.7 | +35.0 
70 30 } — 419 | +174 
65 35 — 6.31 | + 0.97 
50 | 50 se ae 








The relation between the Hall constant and the percentage of nickel 
in the iron-nickel series is given in Curve A (Fig. 5) for alloys containing 
not more than 13.11 per cent. of nickel. It is seen from this curve that 
there is a proportionality between the Hall constants and the percentages 
of nickel in the alloy for these alloys. Although the effect is positive in 
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iron and negative in nickel, the addition of nickel to iron causes a marked 
increase in the Hall effect so that an alloy containing 13.11 per cent. of 
nickel has a Hall effect which has the same direction as the effect in pure 
iron and about five times its magnitude. This increase does not of 
course continue indefinitely as is seen by noting the observations on an 
alloy containing 56 per cent. of nickel. The Hall effect in this alloy 
(Table III.) is considerably less than it is in an alloy containing 13.11 
per cent. of nickel. Consequently somewhere between these two con- 
centrations the Hall effect must cease to increase and begin to decrease 
with increasing concentration of nickel. The increase in the Hall effect 
with increasing concentration of nickel probably continues until the 
alloy has a nickel content of about, 35 per cent. corresponding to the 
compound Fe;Ni where these alloys have been found to show a number 
of unusual properties. As soon as this concentration is passed there is a 
decrease in the effect with further increase in the concentration of nickel 
giving values of the Hall constant which finally approach the value in 
pure nickel as the percentage of nickel is increased indefinitely. In 
Curve C (Fig. 5) are represented the thermoelectric heights of these 
alloys against copper as a function of the concentration of nickel for 
concentrations lying between 4 per cent. and 13.11 per cent. The data 
for this curve are from the work of Ingersoll. Curve A and Curve C 
(Fig. 5) are nearly parallel to each other. Hence in this case as in a 
number of other cases the thermoelectric heights of the metals or alloys 
are nearly proportional to the Hall constants. 














TABLE III. 
The Hall Effect and the Nernst Effect in Iron-nickel Alloys. 
Per Cent. Fe. Per Cent. Ni. R. | Q. 
100 0 +11.2x10 | — 9.75 x 104 

98.93 | 1.07 + 16.9 — 421 
98.07 1.93 + 17.8 | 3.06 
92.95 7.05 + 42.5 | 4-19.03 
91.83 8.17 + 43.1 | pane 
89.80 10.20 + 52.0 | + 38.0 
86.89 13.11 + 61.5 | +495 
44.0 56.0 + 46.9 | + 1.33 











THE NERNST EFFECT. 


The Nernst effect was measured in the manner described by the author! 
in preceding papers on this effect in metals and alloys. The temperature 
gradients in the plates were measured by means of advance-copper 


1 Smith, Puys. REv., 32, p. 192, I9II. 
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thermal couples used with a Wolff potentiometer. Observations were 
made at only one strength of magnetic field and this field was so chosen 
that it was not great enough to produce the beginning of saturation which 
always occurs when the Nernst effect or the Hall effect is studied in 
magnetic metals or alloys. With fields less than that at which saturation 
begins to manifest itself, the Nernst electromotive force is proportional 
to the magnetic field and the constant which describes the effect is 
independent of the magnetic field. This constant which is usually 
designated as Q was calculated from the following familiar equation, 
oT 
E = QbH ~~, 
where E = the Nernst electromotive force in absolute units. 
8 = the width of the plate in centimeters. 
H = the intensity of the magnetic field in C.G.S. units. 
oT 


doe the temperature gradient in the plate in degrees Centigrade 


per centimeter. 


The temperature at which Q was determined was found by taking the 
mean of the temperatures indicated by the thermal couples which were 
used to determine the temperature gradient in the plate. This mean 
temperature was between 55° and 56° C. The values of Q recorded in 
Table II. and III. are, therefore, the values of the Nernst constant at 
55° or 56° C. 

In Fig. 4 (Curve C) the values of the Nernst constant Q have been 
plotted against the percentages of copper in the nickel-copper series of 
alloys. The data from which this curve was plotted have also been 
recorded in Table II. The form of the curve obtained in this way is 
very similar to the corresponding curve for the Hall effect in these alloys 
(Curve B, Fig. 4). The break in each of the curves occurs at the same 
place indicating the formation of the compound CuNi;. The other 
characteristics of the curves are quite similar and it is evident that the 
Hall effect and the Nernst effect in this case are intimately associated, 
since the presence of the copper in the nickel changes the two effects 
in the same way. 

The relation between the Nernst effect and the concentration of nickel 
in the iron-nickel series is represented in Curve B of Fig. 5. The data 
from which this curve was obtained are recorded in Table III. The 
Nernst effect is regarded as negative in iron and positive in nickel. 
The introduction of nickel into the iron causes the Nernst effect to 
decrease in magnitude and become zero when the alloy contains about 
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2.2 per cent. of nickel. When the concentration of nickel becomes 
higher than about 2.2 per cent. the direction of the effect reverses and 
becomes that in nickel. When the concentration of the nickel is still 
further increased the Nernst effect increases and reaches in an alloy 
containing 13.11 per cent. of nickel a value which is about five times its 
value in pure iron. For these lower concentrations of nickel the relation 
between the Nernst effect and the concentration of nickel is represented 
by a straight line. In this respect the behavior of the Nernst effect for 
this series of alloys is like the behavior of the Hall effect and the thermo- 
electric heights. From Fig. 5 it is evident that the curve in each case 
is a straight line and that the lines are nearly parallel to each other. 
From the observations on the Nernst effect in an alloy containing 56 
per cent. of nickel (Table III.) it is clear that the increase in the Nernst 
effect with increasing concentration of nickel ceases at some concentration 
lying between 13.11 per cent. and 56 per cent. of nickel. The concentra- 
tion at which this increase in the Nernst effect ceases and a decrease begins 
is probably the concentration at which the compound Fe2Ni is formed. 
This is also the concentration at which the Hall effect ceases to increase 
and begins to decrease with further increase in the concentration of 
nickel. The behavior of the Nernst effect at this point is very similar to 
the behavior of the Hall effect and some of the physical properties of the 
alloys. This relationship betwéen the Hall effect, the Nernst effect 
and the other physical properties of these alloys suggests that these 
effects are intimately associated with the structure of the alloys. The 
similarity of the behavior of the Hall effect, the Nernst effect and the 
thermoelectric heights in these alloys for the lower concentrations of 
nickel is of considerable interest. It suggests clearly an intimate relation 
between these effects and the possibility that this relation may not be 
very complicated. The nickel produces the same kind of change in 
each of these cases. 


POSITIVE AND NEGATIVE HALL EFFECTs. 


The existence of positive and negative Hall effects has been the subject 
of much difficulty in the electronic theory of metals. Recently Borelius' 
has pointed out that his conception of magnetism leads to an explanation 
of positive as well as negative Hall effects. In this theory of the elec- 
trical and magnetic properties of metals use is made of the space lattice 
theory of the solid state. The space lattice is assumed to consist of 
alternate positive metal ions and negative electrons. Each atom of the 
metal has lost a single electron. Under the action of repulsive force 


1 Borelius, Ann. der Phys., 58, 489, 1919. 
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arising from the fields of force surrounding the metal ions, these electrons 
are equally spaced between the atoms at positions of equilibrium. When 
an atom in a crystal lattice swings out from its position of equilibrium, 
it pushes the electron in front of it in the same direction. The electron 
moves forward in a curved path to occupy the free space behitid the atom. 
When the atom swings back in the opposite direction, an electsa.@ moves 
forth now in the opposite direction. Assuming that all thé*electrons 
move on paths of equal radius a magnetic field perpendicular to X-Y 
plane in the direction of the positive Z-axis will exert a force on the 
electrons revolving in this plane causing a change in their magnetic 
moment. This change in magnetic moment may be regarded as made 
up of two parts—that arising from the change in the radius of the path 
of the electron and that arising from the change in the angular velocity 
of the electron in its path. From these changes in magnetic moment— 
one radial, the other circular—Borelius calculates the radial and circular 
diamagnetic susceptibilities. 

The action of the magnetic field on the electrons revolving in the X-Z 
and Y-Z planes is to cause a sort of polarization by which the electronic 
paths lying in these planes are rotated in such a way that they tend to set 
their planes of rotation perpendicular to the magnetic field—that is, 
perpendicular to the Z-axis. With this polarization is associated a change 
in magnetic moment in the direction of the Z-axis. This change will be 
an increase in magnetic moment and is, therefore, a paramagnetic effect. 

Suppose that in addition to the magnetic field which points in the 
direction of the positive Z-axis there is applied to the metal an impressed 
electromotive force so that the negative or electron current flows in the 
direction of the negative X-axis. The current consists of an excess of 
those electronic paths which convey the current in the direction of the 
negative X-axis. Assume that one half of these electronic paths lie in 
the X-Z plane and the other half in the X-Y plane. Consider first the 
X-Y plane. The cause of the transverse Hall current when the primary 
current is closed or the magnetic field is established, is thought of as an 
electric polarization which exists as the combined action of the magnetic 
field and the primary current. This polarization is from considerations 
of symmetry parallel to the Y-axis. Since change in the angular velocity 
of the electrons produces no polarization, this polarization arises only in 
connection with radial diamagnetism, in which skere is a displacement 
of the electrons in the X-—Y plane due to the action of the magnetic 
field. This displacement is along the radius of the path of the electron. 
The direction of the resulting polarization is such as would be set up by 
an electric force acting in the direction of the negative Y-axis. Such a 








34 ALPHEUS W. SMITH. Seconp 


force would shove an electron moving in a curved path along the negative 
X-axis in the direction of the positive Y-axis. The Hall effect arising 
from such a displacement of electrons is in the customary notation called 
positive. It is important to notice that the displacement of the electrons 
obtai the basis of this theory is opposite to the displacement of 
electr btained under corresponding conditions on the basis of the 
gas free€lectron theory of Drude and others. 

The value of the Hall constant R, for electrons revolving in the X-Y 
plane is found to be 






3 


oben 
It is, therefore, independent of the magnetic field, the current in the 
plate and the thickness of the plate. Moreover, it is always positive. 

Consider now the action of the magnetic field on the electrons revolving 
in the X-Z plane. The effect here will be the sort of polarization which 
gives rise to paramagnetism. The nature of the polarization in this 
case may be made clearer by comparing it with the polarization which 
arises in the doublet theory of electrical and thermal conductivity which 
has been proposed by J. J. Thomson.! Let AB be a doublet lying in the 
X-Z plane with a magnetic field acting in the direction of the positive 
Z-axis and an electric field in the direction of the positive X-axis. As- 
sume that the doublet is free to turn about the positive charge A. The 
electric field gives a force tending to bring the axis of the doublet in line 
with the X-axis. As soon as the negative charge at B begins to move, 
it will be acted on by a downward force by making B dip below the X-Z 
plane, and thus making the negative end of the doublet below the positive. 
This has the effect of making more doublets have their negative ends 
below their positive ends than above them. This is equivalent to the 
action of an electric force in the direction of the positive Y-axis. Such 
a force would drive electrons down the negative Y-axis; that is, in the 
opposite direction to that in which they were driven in the diamagnetic 
part of the Hall effect. Borelius gives for this part of the Hall constant 
which is associated with paramagnetism, 


R, = —— Fi), 


where F(y) is a function of the magnetic field and is always positive. 
For this reason this part of the Hall constant is always negative. 
The total Hall constant is the sum of its positive and negative parts 


1 Thomson, Corpuscular Theory of Matter, p. 100. 
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‘and is therefore given by the equation, \ 


R 


II 


3 I 
| = ne Fy) | . 

For the case of unit current flowing in a plate of unit thickness, the 
Hall electromotive force becomes,! 

3 I 
o| 2. — H, 
* | 3 ne FW) | 
where H is the magnetic field; , the number of electrons per cubic 
centimeter and c, the electronic charge. 

This electromotive force may then be regarded as made up of two 
parts—a positive part which is represented by a straight line through the 
origin and a negative part represented by the function F(y)H about 
which we know little. For values of y lying between y = 104° and 
¥ = 157° Borelius states that the function F(y) decreases. Hence F(y)H 
which measures the negative part of the Hall electromotive force would 
increase less rapidly than if proportional to the magnetic field. 


REVERSAL OF THE HALL EFFECT IN ALLOYS. 


It seems to me that the reversal of the Hall effect in alloys offers some 
evidence for the correctness of this theory. In the study of the Hall 
effect in alloys of bismuth and tin von Ettingshausen and Nernst! found 
that the effect in these alloys is either positive or negative according to 
the intensity of the magnetic field. With small magnetic fields the 
effect is negative. It increases to a maximum value as the magnetic 
field is increased, then decreases and reverses its direction when suffi- 
ciently large magnetic fields are used. The magnetic field necessary to 
produce this reversal is larger for alloys containing a small amount of 
tin than for alloys containing a large amount of tin. More recently 
Becquerel? has studied this reversal of the Hall electromotive force in a 
plate cut from a crystal of bismuth. In such plates the magnetic field 
at which the reversal takes place depends on the direction of the crystal- 
line axis with respect to the magnetic field and the plane of the plate. 
A similar reversal was found by the author’ in alloys of bismuth and lead. 
A curve showing the relation between the Hall electromotive force and 
the magnetic field for these alloys is given in Fig.6. Now as Becquerel 
pointed out, such curves can be split up into two parts—Curve A, a 
straight line passing through the origin, and Curve B, which rises to a 


1 yon Ettinghausen and Nernst, Ann. der Phys., 33, p. 474, 1888. 
2 Becquerel, Comp.-Rendu., 154, pp. 1795-1798, 1912. 
3 Smith, Puys. REv., N.S., 10, p. 358, 1917. 
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fixed value and then remains parallel to the horizontal axis. The sum of 
the ordinates of these two curves gives the ordinates of the observed 
curve. This analysis regards the Hall electromotive force as made up 
of two parts which are opposite in sign. That part which is positive is 
a linear function of the magnetic field. The negative part increases 
rapidly: at lower fields but reaches a limiting value at higher fields 
beyond which it does not increase. Because the negative part reaches 
a limiting value while the positive part increases indefinitely, it is obvious 
that at sufficiently high magnetic fields the positive part will predominate. 
As the percentage of lead in the alloy is increased the form of the curve 
is not changed but the slope of the curve showing that part of the Hall 
electromotive force which is proportional to the magnetic field is smaller 
the greater the percentage of lead or tin in the alloy. 
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Fig. 6. 


Now the splitting up of a Hall electromotive force into two such parts 
as those shown in Curve A and Curve B of Fig. 6 is precisely what the 
theory of Borelius would require. The theory requires that one of these 
parts be a linear function of the magnetic field and that this part be 
positive. Curve A in Fig. 6 represents then both the theoretical and the 
observed relation between this part of the Hall electromotive force and 
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the magnetic field. The qualitative agreement between the theory and 
observations for this part of the Hall effect seems satisfactory. The 
gas free electron also requires that the Hall electromotive force be a 
linear function of the magnetic field but the slope of the curve is opposite 
to that obtained from the theory of Borelius and, therefore, opposite to 
the slope of Curve A (Fig.6). The gas free electron theory can not, 
therefore, offer an explanation of that part of the Hall electromotive 
force represented by Curve A (Fig.6). With respect to the second part 
of the Hall electromotive force the agreement between the theory of 
Borelius and the observations is less certain. This uncertainty arises 
out of the fact that we do not know how the function F(y) depends on 
the magnetic field. For certain values of the angle y Borelius states 
that this function F(y) decreases. If we are at liberty to assume that 
F(y)H at first increases with the magnetic field and at higher fields reaches 
a limiting value beyond which it does not increase, then curves of the 
form of Curve B would represent the requirements of the theory as well 
as the observations. In view of the dependence of F() on the magnetic 
field such as assumption is reasonable. If such an assumption can be 
accepted the reversal of the Hall effect in alloys agrees qualitatively with 
the theory proposed by Borelius. 


CONCLUSION. 

From this study of the Hall effect and the Nernst effect in these mag- 
netic alloys it is seen that these effects are intimately associated. In 
some cases as in the iron-copper series there is also an intimate relationship 
between the Hall constant and the electrical resistance and in other cases 
as in the iron-nickel series an intimate relationship between the Hall 
constants and the thermoelectric heights of the alloys. All of these 
phenomena are evidently intimately related to each other and to the 
other physical properties of the alloys. In view of the dependence of 
these effects on the mechanical properties of the metals and alloys, the 
most inviting suggestion for a theory by which to explain them is that 
made by Borelius who undertakes to use the conception of the crystal 
lattice and the intermolecular fields of force as the basis of his theory. 
In the vibration of the atoms in the crystal lattice and in the variation 
of the fields of force about them rather than in the action of the magnetic 
field on the free electrons in the interstices between the atoms, the 
explanation of these rather complicated effects will probably be found. 

I wish to express my thanks to the Rumford Committee of the Amer- 
ican Academy of Arts and Sciences for financial assistance in aid of this 
investigation. 


PHYSICAL LABORATORY, 
Oxn10 STATE UNIVERSITY. 
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THE ABSORPTION OF GAMMA RAYS BY MAGNETIZED 
IRON. 


By A. H. Compton. 


SYNOPSIS. 


Ring Electron Theory of Magnetism; a Deduction Regarding the Absorption of 
Gamma Rays by Iron.—We should expect a ring electron to absorb more energy if 
its axis is parallel to a transversing beam of gamma rays than otherwise; therefore, 
if by magnetization the axes of the ring electrons are turned so as to be more nearly 
parallel to the gamma rays, the part of the absorption due to the transfer of energy 
to such electrons would be increased. The negative result given by the experiment 
carried out to test this deduction, however, does not disprove the theory but indicates 
merely that the absorption due to this cause is small. 

Absorption of Gamma Rays by Iron.—The effect of magnetization was to change 
the absorption by less than 0.03 per cent. whether the magnetic field was parallel 
or perpendicular to the beam of hard gamma rays used. 


HE recent experiments of Rognley and the writer' have indicated 
that the ultimate magnetic particle which is responsible for the 
property of ferromagnetism is probably the individual electron. If this 
is the case, it is natural to suppose that the electron may have the form 
of a ring, such as that proposed by Parson? in his ‘‘magneton’”’ theory of 
atomic structure. It is clear, however, that the conceptions of a mag- 
netic electron and a ring electron are not synonymous, since any form of 
electric charge in rapid rotation will exhibit magnetic polarity. The 
present investigation of the effect of magnetization on the absorption 
coefficient of gamma rays in iron has been carried out with the hope of 
detecting an effect due to the orientation by a magnetic field of aniso- 
tropic, magnetically polarized electrons. 

Let us suppose that a ring electron has its axis parallel with an incident 
beam of gamma rays. The phase of the electromagnetic wave will in 
this case be the same over all parts of the ring. The acceleration of the 
electron produced by the electric vector of the incident wave will corre- 
spondingly be greater than if the plane of the ring is so inclined that the 
phase of the incident wave differs at different points on the ring. Be- 
cause of its greater acceleration, the energy transferred to the motion 
of the electron as a whole will be greater when its axis is parallel with the 
incident beam than when oriented in any other manner. If by magne- 


1 A. H. Compton and Oswald Rognley, Puys. REv., 16, 464 (1920). 
2 A. L. Parson, Smithsonian Inst. Pub. No. 2371 (1915). 








Now XVI] ABSORPTION OF GAMMA RAYS BY MAGNETIZED IRON. 39 


tization the axes of some of the electrons in iron are turned until they 
are parallel with the transmitted gamma rays, any absorption which is 
due to motion imparted to the electron as a whole should be increased.! 
On the other hand, any energy absorbed in setting up internal or nuta- 
tional oscillations of the electrons may or may not be affected by changing 
the electron’s orientation, depending upon the manner in which the 
transfer of energy is effected. 

When this experiment was undertaken, it was supposed on the basis 
of the work of Florance,? Ishino* and others that a large part of the total 
absorption of gamma rays is due to scattering, the magnitude of which 
depends upon the acceleration of the whole electron. Recent experi- 
ments by the writer,‘ however, have shown that if there is any true 
scattering of gamma rays, the energy thus dissipated is only a small 
fraction of.that transformed into fluorescent radiation. These experi- 
ments have indicated further that the principal part of the fluorescent 
radiation produced is of a kind which is not characteristic of the particular 
absorbing element, thus differing from the fluorescent radiation excited 
by X-rays of ordinary hardness. While for X-rays most of the absorp- 
tion due both to scattering and fluorescence is probably due to energy 
imparted to the motion of the electron as whole,' it is therefore not im- 
probable that in the case of the much shorter gamma rays the principal 
part of the absorption is due to the transfer of energy to nutational and 
elastic oscillations of the electron itself. Because of this uncertainty as 
to the mechanism of absorption, while a positive effect on the absorption 
coefficient of gamma rays due to magnetization would presumably mean 
an anisotropic electron, the interpretation of no effect at all is ambiguous. 

The Experiments.—In view of this ambiguity in the interpretation 
of the results it hardly seems worth while to record the details of the 
experimental procedure. It may suffice to say that extended series of 
observations were made by an accurate balance method, and all possible 
precautions, including check measurements with other metals substituted 
for iron, were taken to eliminate any errors due to such causes as the 
mechanical effects of the strong magnetic field. Though in the experi- 
ments on parallel magnetization the size of the beam of gamma rays was 
necessarily determined by the holes in the pole pieces of the magnet, 
a sufficiently large amount of radium emanation (about 75 millicuries) 
was employed to secure relatively intense ionization. 


1 The theory of this effect has been discussed in a preliminary manner by the writer in 
Journ. Wash. Acad. Sci., 8, 1 (1918). 

2D. C. H. Florance, Phil. Mag., 27, 225 (1914). 

3M. Ishino, Phil. Mag., 33, 140 (1917). 

4A. H. Compton, Phil. Mag., in printer’s hands. 

5 Cf. A. H. Compton, Puys. REv., 14, 253 (1919). 
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The results of the experiment may be expressed as follows: When the 
iron was magnetized to saturation parallel with the transmitted beam 
of gamma rays, the observed increase in its absorption coefficient was 
(0.004 + 0.019) per cent. For magnetization perpendicular to the 
gamma ray beam the absorption coefficient was increased by (0.023 
+ 0.018) per cent. That is, for parallel magnetization the effect on the 
absorption coefficient is probably less than I part in 5,000, and for per- 
pendicular magnetization the effect is probably less than 1 part in 3,000. 

Interpretation of Results.—lf the ratio of the wave-length of the gamma 
rays \ to the radius of the electron a is approximately 2.5, as was esti- 
mated by the writer on the basis of Ishino’s experiments on the total 
scattering of gamma rays,' and if the scattering by a ring electron is 
calculated on the basis of the assumptions previously employed,? it can 
be shown that the part of the absorption coefficient due to-scattering 
for (1) random orientation, (2) the axes of the ring electrons parallel 
and (3) the axes perpendicular to the transmitted gamma rays are in 
the ratio of about 1.0 to 1.5 to 0.8 respectively. Similarly the part of the 
fluorescent absorption which is due to energy transmitted to the motion 
of the electron as a whole may be calculated in the same general manner 
as that used by the writer in calculating the absorption of very hard 
X-rays.2. The acceleration of a ring electron is so altered by its orienta- 
tion that if \/a = 2.5 this type of absorption in the three cases should 
be in the ratio 1.0 to 7.2 to 0.14 respectively. Since the writer’s more 
recent experiments have indicated that these types of absorption do not 
play an important part in the total absorption of gamma rays, one does 
not feel justified in presenting the details of these calculations. 

There is good reason to believe that when iron is saturated the ele- 
mentary magnets of which it is composed are in nearly perfect alignment 
with the external magnetic field.* Thus if the elementary magnet is 
the ring electron, and if either of the two types of absorption just con- 
sidered constitute any appreciable fraction of the total absorption of 
gamma rays, it is clear that magnetization of the iron should have pro- 
duced a measurable effect upon the absorption coefficient. For if all the 
absorption were to be accounted for in this manner, the orientation of 1 
electron in 20,000 by the applied magnetic field would hardly have escaped 
detection. If we accept the idea of nearly complete alignment of the 
elementary magnets with the external field when saturation occurs, it 
would therefore seem necessary to conclude either (1) that the ultimate 
magnetic particle is not a ring electron, or (2) that energy transmitted 

1A. H. Compton, Puys. REv., 14, 26 (1919). 


2 A. H. Compton, Puys. REv., 14, 253 (1919). 
3 Cf., e.g., Compton and Rognley, loc. cit. 
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to the motion of the electron as a whole is not responsible for any con- 
siderable part of the total absorption of gamma rays. 

If only one ring electron in each atom is oriented by the magnetic 
field, an effect of one part in 5,000 should have been produced on parallel 
magnetization if but 1 per cent. of the total absorption is due to scattering. 
Although experiment shows that by far the greater part of the absorption 
of gamma rays is due to fluorescence, the fact that for very hard X-rays 
scattering is still prominent makes it appear improbable that scattering 
should be as unimportant as this result would imply. Thus while it is 
not possible to draw any definite conclusion from this experiment until 
more information is available with regard to the mechanism of gamma 
ray absorption, the evidence seems rather opposed to the hypothesis 
that a ring electron is the ultimate magnetic particle. 

It will be remembered, on the other hand, that A. H. Forman described 
in this journal several years ago! an experiment on the absorption of X- 
rays by magnetized iron which showed an increase in the absorption 
coefficient of about 10 times the probable error of measurement when 
iron was magnetized parallel with the transmitted rays. He found no 
effect for perpendicular magnetization. The writer has pointed out 
elsewhere? that the effect observed by Forman is of the order of magni- 
tude to be expected if the electrons are rings of electricity which are 
oriented by the magnetic field. It is however rather surprising that 
while Forman found the change in the absorption coefficient due to 
magnetization to increase rapidly for shorter wave-lengths, the present 
experiment shows no effect for the still shorter wave-length gamma rays. 
In view of the apparently conflicting evidence, the writer does not feel 
justified in drawing any conclusions concerning the form of the electron 
from these experiments. 

This work has been performed under the auspices of the National 
Research Council. I desire to thank Professor Rutherford for placing 
at my disposal the facilities of Cavendish Laboratory for carrying out 
the experiment. 


CAVENDISH LABORATORY, 
CAMBRIDGE UNIVERSITY, 
AUGUST 20, 1920. 


1A. H. Forman, Puys. REv., 7, 119 (1916). 
2A. H. Compton, Journ Wash. Acad. Sci., 8, 1 (1918). 
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THE CRYSTAL STRUCTURE OF CALCIUM. 
By A. W. Hutt. 


SYNOPSIS. 


Crystal Structure of Calcium.—The X-ray pattern obtained with powdered cal- 
cium shows that the atoms are arranged in a face-centered cubic lattice. The side 
of the elementary cube is 5.56 A. The Ca atoms in Ca have therefore the same 
arrangement as in CaO and CaF:; but in the fluoride and oxide the atoms are 
respectively 2 and 14 per cent. closer together than without the fluorine and oxygen. 


ALCIUM has generally been considered hexagonal, partly, perhaps, 

from analogy with magnesium and zinc. The only reference given 

by Groth! is an observation of Moissan,? that it forms hexagonal plates or 
rhombohedra, and shows hexagonal growth forms. 

The X-ray analysis shows it to be face-centered cubic. 

The analysis was made by the X-ray powder photogtaph method 
previously described. Pure Electrolytic Calcium was ground in a ball 
mill to very fine powder, and exposed to Monochromatic rays from a 
molybdenum tube. The specimen was mounted in a glass tube about 3 
mm. in diameter. The lines on the film were very wide (nearly 5 mm.) 
and some of them quite faint. In spite of this, the independent measure- 
ments on either side of the center (columns 2 and 4 respectively, table 1) 
agree with each other within } per cent., and the planar spacings calcu- 
lated from their average agree with the theoretical spacings within 3 
per cent. in every case except two, where the deviation is I per cent. 
The full data is given in the table. 

Since calcium oxidizes rapidly in air, it seemed possible that the very 
fine powder used in this experiment was entirely oxidized, and that the 
above values were due to CaO. A second sample was therefore prepared, 
consisting of coarse filings from a cast rod of electrolytic Ca, kept in 
rotation during exposure. This gave lines identical with those in Table I. 

As a final check, a photograph was taken, using a tube whose lower 
half was filled with fine Ca powder, and the upper half with dry CaO. 
A septum of thin brass prevented overlapping of the scattered rays. 
This photograph is reproduced in Fig. 1. It shows that the patterns of 

1 Groth, Chemische Krystallographie, Vol. 1. 


2 Moissan, C. R., 127, 585, 1898; Ann. Chim. Phys., 18, 303, 1899. 
3 Puys. REV., 10, 661, 1917. 
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Ca and CaO are similar, but on a very different scale. The strongest 
CaO line is faintly visible on the Ca negative, corresponding to about 
2 per cent. CaO present. 





Fig. 1. 


Lime above; calcium below. 


The theoretical spacings in column 7 are those of a face centered cubic 
lattice, the side of whose elementary cube is 5.56 A. The number of 
atoms per elementary cube is 

3 


oa = oe 


density = 1.56, 


p 


a = side of elementary cube in cm., 
M = mass of I atom in grams. 


This is the correct number for a face-centered cubic lattice. 





























TABLE I. 
Calcium. 
Left. - Right. | Spacing of Planes. 
Intensity | Distance of} Intensity | Distance of | Angle of Indices of 
of Line | Linefrom| of Line | Line from | Reflection |  , i ; Planes. 
(Esti- | Center (Esti- Center (Degrees). aa Theoretical. 
mated). (Cm. x2.5).| mated). | (Cm.x2.5). . 
100 | 1.76 100 1.76 6.34 3.21 3.21 | 111 
40 | 2.02 40 2.02 7.27 2.81 2.78 | 100 (2) 
40 | 2.89 50 2.89 10.40 1.966 | 1.966 | 110 (2) 
50 | 3.40 60 3.40 12.25 1.672 | 1.672 311 
10 | 3.55 8 3.56 12.80 1.600 | 1.605 | 111 (2) 
1 | 4.42 %| 414 | 1490 | 1.378 | 1.390 | 100 (4) 
{ 10 | 4.49 { 8 4.47 16.13 1.278 | 1.275 | 331 
8 4.61 6 4.61 16.60 1.242 | 1.246 | 210 (2) 
7 5.07 5 5.08 18.28 1.131 1.135 211 (2) 
(S511 
6 5.39 6 $38 | 1940 | 1.068 1.070 pen - 
1 5.91 4 5.93 | 21.3 975 | 982 | 110 (4) 
5 6.16 1 6.16 22.2 .940 .940 531 
| | | {100 (6) 
1 6.25 1 622 | 225 927 928 $e o 
| 6.62 om — 23.8 878  .878 | 310 (2) 
1 6.87 y%| 6.85 24.7 850 | 847 | 533 
1 6.98 y%| 695 | 25.1 838 | 838 311 (2) 
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From the lines in the upper half of Fig. 1, it is evident that the Ca 
atoms in CaO are also in face centered cubic arrangement, but that the 
cube is smaller than that of pure Ca. The oxygen atoms not only take 
up no room, but actually pull the Ca atoms 14 per cent. closer together, 
without changing their arrangement. 

The Ca atom in CaO is a Catt ion, with the same number of elec- 
trons, and presumably the same shape, as an atom of argon. It is prob- 
able that the Ca atoms in metallic calcium are also Catt ions, the two 
extra electrons going into the lattice as free electrons in the same posi- 
tions as the F~ ionsin CaF. This is made plausible by the fact that the 
distance between Ca atoms in CaF», where they are also in face-centered 
arrangement, differs by only 2 per cent. from that in metallic Ca (side of 
elementary cube in CaF, = 5.43 A.). The free electrons are slightly less 
effective than the F~ ions in pulling the Ca atoms together, due prob- 
ably to their great mobility. The F ions, like the O~~ ions in CaO, fit 
into the Ca lattice without increasing its dimensions. Their dimensions 
appear to be smaller than those of the holes left in the Ca lattice by 
closest possible packing of Ca atoms. 


GENERAL ELEcTRIC Co., 
SCHENECTADY, N. Y. 
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NOTE ON THE RADIATING AND IONIZING POTENTIALS 
OF HYDROGEN. 


By K. T. COMPTON AND P. S. OLMSTEAD. 


SYNOPSIS. 


Radiating and Ionizing Potentials of Hydrogen.—To detect and distinguish 
between radiation and ionization, the Lenard method, modified by the introduction 
of a receiving electrode of variable area, was used. Both radiation and ionization 
were obtained at about 10.8 volts, probable radiation at about 13.4 volts, and 
strong ionization at 15.9 volts. These experimental results are compared with those 
of other investigators; and as an explanation of apparent discrepancies it is pointed 
out that the following effects may occur together: radiation from free atoms near 
10.8 volts and ionization near 13.5 volts; ionization without dissociation of mole- 
cules near 10.8 volts, dissociation plus radiation from one of the atoms near 13.4 
volts and dissociation plus ionization of one atom near 15.9 volts. 


SURVEY of the results of experimental investigations of the 

radiating and ionizing potentials of hydrogen reveals such lack of 
agreement as can scarcely be attributed to experimental errors or to 
uncertainties in the interpretation of observations made by the several 
nethods which have been employed to detect and distinguish between 
radiation and ionization produced by electron impacts. Early investi- 
gators agree in locating a critical potential between 10.5 and 11.5 volts, 
but did not distinguish between effects of radiation and of ionization. 
Bishop! discovered two critical potentials at 11.0 and 15.7 volts. The 
following table gives the data found by the recent investigators who 











TABLE I. 
Experimenter. | ~ Radiation. ;' Ionization. 
Daves &@ Gowucnet. .. ......525.- 11.0 13.6 11.0, 15.8 
Mobier & Foote*............... 1.06 13.1, 16.4 
Horton & Davies*............. .| 10.5 13.9 14.4, 16.9 
Frank, Knipping & Kriiger®...... | 13.6 | 11.5, 17.1, 30.45 
Found*....... kis eewnneeeeas #2 | not tested (iS. 0r 15.8) 








1 Puys. REV., 10, p. 244, 1917. 

2? Puys. REV., 10, p. IOI, 1917. 

3 Jour. Optical Soc. of America, 4, p. 49, 1920. 
4 Roy. Soc. Proc., A, 97, p. 23, 1920. 

5 Ber. d. D. Phys. Ges., 21, p. 728, 1920. 

6 Puys. REV., 16, p. 41, 1920. 
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have employed means to distinguish between effects due to radiation 
and to ionization. Unless some explanation of the differences observed 
in this table can be found, it can scarcely be said that the experimental 
results as a whole support the recent theories of the relations between 
critical potentials and spectral series which have been so well supported 
by experiments on monatomic gases and vapors. 

The present paper presents the results of some preliminary experiments 
made“by the method which one of us used to distinguish between ioniza- 
tion and radiation and to estimate the proportion of either in the presence 
of both.t' In the course of these experiments certain observations sug- 
gested a possible explanation of the above discrepancies. This explana- 
tion is briefly presented near the close of the paper for the consideration 
of any who may now be at work on the same problem. We are modifying 
our apparatus to permit of more refined observations to test some of the 
considerations involved in the problem. 

The experimental apparatus has already been fully described. A glass 
tube contained a tungsten wire filament as the source of the bombarding 
electron stream, a platinum gauze and a platinum electrode which was 
connected to an electrometer whose sensitiveness could be varied over a 
considerable range. A variable accelerating field V4 was applied between 
the filament and the gauze, and a larger retarding field V, was main- 
tained between the gauze and the collecting electrode. A galvanometer 
introduced in the connection to the gauze served to measure the total 
electron current G. The distinguishing feature of the apparatus was the 
collecting electrode, which was cylindrical in form, with one end closed 
by platinum foil and the other end by platinum gauze. The cylinder 
could be rotated so as to present either end to the oncoming stream of 
ions or radiation. If the effect observed is due only to ionization of the 
gas, it is immaterial which end is turned toward the filament, and the 
ratio R between the electrometer deflections E; and E, with the foil and 
gauze respectively presented is unity. If the observed effect is due to 
radiation, E; is larger than E,, so that R is greater than unity by a 
definite amount depending on the relative areas presented to the radiation 
by the two ends. If radiation and ionization are both present, R has 
some intermediate value, from which it is easy to calculate what propor- 
tion of the observed effect is due to radiation and what to ionization. 

After thoroughly “baking out” the tube and glowing the filament, 
hydrogen was admitted. It, was obtained by electrolysis of dilute 
sulfuric acid and was purified by passing through a drying tube, over 
copper oxide and metallic copper heated to a dull red, through another 


1K. T. Compton, Phil. Mag., 
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drying tube and through a liquid air trap. The hydrogen was found to 
still contain dectable traces of impurities with critical potentials below 
that of hydrogen, and it disappeared rapidly because of the ‘‘clean up” 
due to the hot filament. These difficulties were overcome by introducing 
U tubes filled with coconut charcoal and immersed in liquid air. After 
originally filling the apparatus with hydrogen to about 15 mm. pressure, 
the application of liquid air to the charcoal tubes removed all traces of 
impurities and reduced the hydrogen pressure to about 0.01 mm. The 
equilibrium between the absorbed and free hydrogen served to maintain 
the free hydrogen at the desired pressure during the time necessary for 
experimental observations, hydrogen being liberated by the charcoal 
as fast as it was removed by the filament. 

Examples of the results obtained at various gas pressures and current 
densities are given in the accompanying figures. In Figs. 1a, 2a and 3a 
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Fig. 1a. 


p = 0.008 mm., G = 0.125 microamperes. 


are shown the variation of the electrometer deflection E with accelerating 
voltage, the gauze end of the cylinder being used in each case. In Figs. 
1b, 2b and 30 are shown the derivatives D of curves 1a, 2a and 3a, respec- 
tively, and also the ratios R of corresponding readings with the foil and 
gauze ends of the cylinder turned toward the filament. The derivative 
curves were obtained by plotting differences between successive readings 
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Fig. 2a. 


p = 0.018 mm., G = 0.125 microamperes. 


at the mid-points, and are seen to accentuate the sharpness with which 
the critical potentials are indicated. Fig. 4 illustrates the case of a very 
intense electron current, in which the electrometer currents were too 
large to be measured beyond the voltage indicated. 

The corrections for velocity distribution were made by Smyth’s 
method,' and at the right of Figs. 1a, 2a and 4 are shown the observed 
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Fig. 3a. 
p = 0.018 mm., G = 0.025 microamperes. 


1 Puys. REv., Vol. 14, p. 409, 1919. 
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and corrected velocity distribution curves. Arrows mark the points 
taken as giving the appropriate velocity distribution corrections. 
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After making this correction to each curve and averaging all the results, 
we obtained 10.8 volts and 15.9 volts as the two critical potentials which 
were definitely observed. The ratio curves suggest an additional critical 
potential at about 13.4 volts, although this cannot be seen by inspection 
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of the current or difference curves. It should be borne in mind that the 
present apparatus, containing only three electrodes, does not permit the 
emphasizing of separate weak intermediate effects of radiation or ioniza- 
tion, so that the failure definitely to observe these is not surprising. 
The critical potential of 15.9 volts marks the setting in of very intense 
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ionization, as is evident by the rapid fall of the ratio curves to nearly 
unity just above this voltage. What indication there is of a break at 
13.4 volts in the ratio curves, points toward the setting in of radiation 
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Fig. 3b. 


at about this voltage. The interpretation of the lower critical potential 
is more uncertain. In all cases where the electron current G was rela- 
tively small, the ratio curve starts from a value near unity at about 10.8 
volts and increases up to the point where strong ionization sets in at 15.8 
volts. This indicates a large proportion of ionization at the lower 
voltages, but with an increasing proportion of radiation as the voltage 
is raised from 10.8 to 15.9 volts. On the other hand, with intense electron 
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p = 0.018 mm., G = 12.5 microamperes. 
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currents, the first effect seems to be largely one of radiation, with an 
increasing amount of ionization as the voltage is raised; then increasing 
radiation and finally strong ionization at 15.8 volts. These character- 
istics are illustrated by the accompanying curves, and were exhibited 
by numerous additional curves, not shown. 

One difficulty was encountered in this work with hydrogen which did 
not appear in the work with helium. It was an effect somewhat similar 
to photoelectric fatigue, by which the sensitivities of the foil and gauze 
ends of the cylinder to radiation varied slowly with the time during 
which they were turned toward the filament. Thus the value of the 
ratio R for pure radiation could be considerably altered by leaving one 
end of the-cylinder turned toward the filament for a long time. This 
introduced irregularities which make it impossible to compare one curve 
quantitatively with another, or to calculate the exact proportion of the 
effect due to radiation in any given case. However, this does not affect 
the interpretation of the curves as regards the existence of critical voltages 
or the type of effect which sets in at any critical voltage. Possibly this 
“‘fatigue’’ was due to action of atomic hydrogen coming from the filament. 

These results agree with those of Davis and Goucher in proving the 
presence of both radiation and of ionization at about 10.8 volts and of 
strong ionization at about 15.9 volts. The results also show that one 
effect or the other may predominate at the lower voltage, depending on 
conditions, and thus explain the apparently contradictory results which 
investigators have obtained. 

The most obvious explanation of these results is to suppose that there 
is radiation from the atom at about 10.8 volts and also ionization without 
dissociation of the molecule at about 10.8 volts, dissociation with radia- 
tion from one atom at about 13.4 volts and dissociation with ionization 
of one of the atoms at about 15.8 volts. The atoms present at the lower 
voltages are produced by the action of the hot filament and probably 
also by low speed impacts. The existence of charged hydrogen molecules, 
which are not stable on Bohr’s theory, is indicated by several investiga- 
tions, among them the recent published and unpublished work of Frank, 
Knipping and Kriiger.'_ If this explanation is correct, it is evident that 
radiation at the lower voltages will be shown by an apparatus so designed 
as to cause considerable dissociation of the hydrogen and to be sensitive 
to the detection of radiation. Furthermore a given apparatus will 
emphasize the radiation at 10.8 volts by using a very hot filament and 
large electron current, thus promoting dissociation. 

It will be noticed in Table I. that two investigators have found an 


1 Loc. cit. 
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additional critical potential for ionization between 10.8 and 15.9 volts. 
This is to be ascribed to ionization of free atoms. It is suggestive that 
Mohler and Foote, who probably used the largest electron currents of 
any investigators, detected only radiation at 10.6 volts and ionization 
at 13.1 volts, both ascribed to collisions with free atoms. 

Attention may here be called to the recent results of Found, shown 
in Table I., which appear to be at variance with those of other investiga- 
tors and with the demands of probable spectral relationships by indicating 
ionization beginning at 15.1 volts. A reéxamination of his published 
data has shown, however, that there is strong ionization beginning at 
15.8 volts, while below this point there is indication of ionization of 
another type which is too weak to permit a determination of the lower 
critical voltage. Mr. Found writes that his unpublished data show these 
same characteristics, so that his results are actually in good agreement 
with ours. 

As regards the actual values of the critical potentials for radiation and 
ionization near 10.8 volts, a consideration of the velocity distribution 
correction for the two cases is interesting. As pointed out by Smyth, 
the appropriate correction is the equivalent voltage not of the fastest 
or the average or the most probable velocity electrons escaping from the 
filament, but of electrons of such velocity that on the average one ionizing 
or radiating impact is produced by each group of electrons of this or 
higher speed—the number of electrons in this group depending in a 
calculable manner on the mean free path, gas pressure, dimensions of 
apparatus, etc. Now the larger is the gas pressure, or the greater the 
probability of a collision, the less is the difference between the calculated 
and observed velocity distribution curves. If, therefore, the radiation 
observed near 10.8 volts is due to atoms, which are present in relatively 
small proportion, the velocity distribution correction should be less than 
that appropriate to ionization of the molecules. The corrections in the 
present case were calculated on the basis of the partial pressure of the 
molecules. Thus it is probable that the critical radiating potential is 
considerably below 10.8 volts, and it may well be 10.1 volts as required 
by Bohr’s theory to fit the spectral data. This is experimentally sup- 
ported by the fact that the corrected critical voltages were lowest in those 
cases in which the filament was hottest, as in the case illustrated by Fig. 4. 

It would be highly desirable to test for the presence of two critical 
voltages, very near together, near 10.8 volts, and especially to investigate 
the influence of very varying degrees of molecular dissociation. Unless 
this can be done, comparison of ionization with spectral data will be more 


1 Loc. cit. 
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or less uncertain. The experimental difficulties involved are, unfor- 
tunately, serious. 

Finally, it may be mentioned that an effort was made to locate a 
critical potential at about 30.45 volts, reported by Frank, Knipping 
and Kriiger and ascribed to dissociation of molecules and ionization of 
both atoms by single impacts. Fig: 3 shows that we detected no such 
effect. Our apparatus may not have been suited to give it sufficient 
prominence. 


PALMER PHYSICAL LABORATORY, 
PRINCETON, N. J. 
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AN ELECTROMAGNETIC THEORY OF GRAVITATION. 
By H. A. WILson. 


SYNOPSIS. 


An Electromagnetic Theory of Gravitation.—An electric system in a medium 
whose specific inductive capacity k varies from point to point tends to move in 
the direction of increasing k. It is suggested that if we assume the specific inductive 
capacity of the ether to vary near matter, gravitation may be explained as a result of 
this tendency. In a medium in which at a distance r from a mass m, k = 1 + m/r, 
it is shown that a rigid electrostatic system would be acted on by a force directed 
toward m and equal to mm’/r?, where m’ is the electromagnetic mass of the system. 
But in order to explain the observed deflection of light by the sun we must have 
k =1 + 2m/r; and this will aot give the force mm’/r? unless the system contracts in 
the ratio of 1:1 —m/r. A physical explanation of this assumed contraction is 
suggested. If the system with the mass m’ is also supposed to modify k, it is 
necessary to take into account the energy changes in m and in the ether. The 
effect of gravitation on the frequency of the light emitted by an atom, which was pre- 
dicted by Einstein, can be easily deduced from the present theory. 


HE recent discovery of the deflection of light by the gravitational 
field of the sun shows for the first time a connection between 
electromagnetic phenomena and gravitation. This deflection shows 
that the velocity of light and therefore the specific inductive capacity 
and magnetic permeability of the ether vary with the gravitational 
potential. 

In an electrostatic field an insulator tends to move to regions where 
the electric field is stronger and in a medium of varying specific inductive 
capacity an electrostatic system will tend to move towards places where 
the specific inductive capacity is greater. The theory proposed in this 
paper is that matter which is believed to be composed of electrical 
charges tends to move through the ether in the direction in which the 
specific inductive capacity and permeability of the ether increase most 
rapidly and that this tendency is the cause of gravitation. 

Consider the case of a small rigid system of massless electrically charged 
bodies immersed in a medium of specific inductive capacity K. If the 
charges remain constant the electrostatic energy (E) of the system 
varies inversely as K. Hence E = E,/K where E, denotes the value of 
E when K = 1. Hence if K is not constant throughout the medium 


but varies we have 


0E E,0K 
F, = — = = = EX (log K), 
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where F, denotes the force on the system, tending to move it in the 
direction s due to the variation of the electrostatic energy E inside the 
system. 

Suppose that in the space around a body of large mass m, 


K =1 + Gm/rc 


where c denotes the velocity of light in the ether in the absence of a 
gravitational field, r the distance from the mass m, and G is the constant 
of gravitation. Then except very close to the mass m, Gm/rc? will be 
extremely small compared to unity! so that log K = Gm/rc? and 


F, = — GEm/rc. 


The small mass (m’) of the electrical system if due entirely to its electrical 
energy is given by m’ = E/c* so that 


F, = — Gmm'/r’, 


which expresses Newton’s law of gravitation for the electrical system 
and the mass m. 

Thus if we regard matter as an electrostatic system, having purely 
electromagnetic mass, the observed gravitational attraction can be 
explained by supposing that K = 1 + Gm/rc?. If the matter also con- 
tains magnetic energy then if we suppose that the magnetic permeability 
of the ether in the space around a body of mass m is given by 


w= (1 + Gm/rc?) 


we get the same force per unit mass on the magnetic energy as on the 
electrostatic energy so that F, = — Gmm'/r? where m’ now denotes the 
total mass due to the electric and magnetic energies. 

Taking c = 1 and G = 1 we have? for the refractive index (v) of the 
ether v = WK =1-+m/r. This value of v gives only half the observed 
deflection of light by the sun. The deflection found requires that 
v= 1+ 2m/r3 

In the above simple theory it is assumed that the size of the electro- 
static system remains unchanged when it moves into a region where the 
specific inductive capacity has a different value; but since the forces 
between the parts of the system depend on K we should expect the size 
of the system to vary with K. 

The electromagnetic forces alone are not sufficient to determine the 

1 The greatest value of Gm/rc* in the solar system is about 2 X 10~* at the surface of the sun. 

? Taking c = 1 is equivalent to adopting 3 X 10! cms. as the unit of length if the second 
is taking as the unit of time. Taking G = 1 is equivalent to adopting for the unit of mass, a 
mass which gives unit gravitational acceleration at unit distance from it. This unit is about 


4 X 10% grams when the unit of time is one second and the unit of length 3 X 10" cms. 
3 Report on The Relativity Theory of Gravitation, Eddington, page 54. 
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size of a system composed of positive and negative electrons so that it is 
easy to see that the size must be determined by the internal forces which 
hold the parts of the electrons together. If / is a quantity proportional 
to the linear dimensions of the system and equal to unity when K = 1, 
then the electrostatic energy is inversely proportional to K/ so that 
E = E,/Kl. 
For the energy of an electrostatic system is equal to }2EV where V 
denotes the potential of a charge E. Also 
yak foe, 
4xJ Kr 
where p denotes the density of electricity in the element of volume dv 
and r the distance of the element dv from the point at which the potential 
is V. If the linear dimensions of the whole system change uniformly 
then pdv will remain constant so that V varies inversely as Kl and 
hence the energy also varies inversely as Kl when the charges remain 
constant. In this case the force on the system, due to the variation of 
the energy inside it, will be given by 


ce) 
F, = + E., (log K/). 


Thus to get the correct value of F, we must have Kl] = K' or] = K-/?, 
If K = 1 + 2m/r then / must be equal to 1 — m/r so that 


mm’ 


F,=+ E = (log (1 + m/r)) = — - 

If » = 1 + 2m/r there will be an equal force per unit mass on the 
magnetic energy also. 

The tension inside the Lorentz electron is supposed not to vary when 
the shape of the electron changes, due to its motion through the ether, 
but when the specific inductive capacity of the ether changes it may 
be supposed to change. 

The internal tension in the electron may be regarded as a sort of 
elastic reaction against the electric displacement or polarization at its 
surface. We should therefore expect the tension to be proportional to 


the displacement. This gives 
I I 


Ka‘ @’ 
where a is the radius of the electron, so that aK" is constant. It is 
easy to see that the linear dimensions of an electrostatic system, entirely 


composed of positive and negative electrons, will be proportional to a 
so that if aK! is constant then ] = K~—/? which is the value required to 








Now XVI] AN ELECTROMAGNETIC THEORY OF GRAVITATION. 57 


give the observed gravitational attraction. For in an electrostatic 
system we have AV = — p/K and if we put x = Ix’, y = ly’, z = Iz’, 
V = V’/Kl and pdxdydy = p’dx'dy'dz’, this becomes AV’ = — p’ which 
is the equation giving the potential in a system in which K = 1. Thus 
a system having any value of K can be transformed into a corresponding 
system in which K = 1 by changing the linear dimensions by a factor | 
having any value. We conclude that the actual change of dimensions 
will be determined by the change in the radii of the electrons. 

The internal energy of the electron is inversely proportional to Kl 
like the external electrostatic energy so that there will be the same force 
per unit mass on the internal energy as on the electrostatic energy. 

It appears therefore that if K = » = 1 + 2m/r and the system con- 
tracts in the ratio 1 : K~/? or 1: 1 — m/r then F, = — mm’/r? where m’ 
now denotes the mass of the total energy of the system including the 
electrostatic, magnetic and internal energies. 

The contraction in the ratio 1 : K~”? agrees with that indicated by 
Einstein’s theory, to the order of approximation used here, for if in the 
expression for the line element in the four dimensional manifold 


ds? = — y"dr* — rd — r* sin? 6d¢? + ydF’, 


where y = I — 2m/r, we put r = 7; + m and neglect squares of m/r; 


it becomes 
ds? = — y (dr? + r2d@ + r? sin? dg?) + yde. 


This indicates a contraction in the ratio 1 : y'” or 1:1 — m/r in the 
element of length Vdr,2 + r:2de2 + 1,2 sin? 6d¢?. 

According to the theory outlined above both gravitation and the 
deflection of light are due to variations in the specific inductive capacity 
and permeability of the ether. How these variations are produced by 
the presence of matter in the ether, at distant points, remains to be 
explained. 

The attracting mass m‘has been supposed to be surrounded by a region 
in which K = up = 1 + 2m/r and the attracted mass m’ has been sup- 
posed to be an electric system and it has been shown that the electric 
system will be acted on by a force very approximately equal to the New- 
tonian gravitational attraction and also it is known that light will be 
deflected in consequence of the assumed variations in K and uy, in the 
way observed. 

The attracted mass m’ however must also be supposed to modify K 
and yu so that there will be changes produced in the electrical energy in 
the mass m by the motion of the mass m’. These changes have so far 
been left out of account. 
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We have seen that the energy in the mass m’ is given by 
E = E,/VK = E\(1 — m/r) 


and in the same way the energy (F) in the mass m will be given by 
F = F\(1 — m’/r). 

We have m,’ = E,; and m, = F, approximately so that the total 
energy in the two masses is approximately equal to 


my'(1 — m/r) + m(1 — m’/r) 


or m,' + m, — 2mm'/r very nearly. The stress tending to diminish r 
might therefore be expected to be equal to 2mm’/r? instead of mm’/r*. 

We might suppose that K] = K"/* instead of Kl = K' and so diminish 
the calculated attraction again by one half but I think it is better to 
adopt a different plan for KJ = K‘? seems a reasonable assumption and 
it agrees approximately with Einstein’s theory. 

The modification of the ether represented by the change of K and yz 
from unity to I + 2m/r must require some energy for its production so 
that besides the energy variations inside the attracting masses we ought 
also to consider the energy variations in the surrounding ether. 

Suppose that there is in the ether an amount of energy per unit volume 


equal to 
I OK \? OK \? OK \?2 
mete) AG) tS) |- 


This expression need not include » because K = yw everywhere; it has 
been chosen so as to give the desired energy variation and is otherwise a 
pure assumption. 

Then the energy outside a mass m of radius a is equal to 


“1 (/@aK\Y 
f 2.(*) 4nrdr, 


so that since K = 1 + 2m/r it is equal to 4m?/a. This is 3m multiplied 
by the gravitational potential m/a. 

If we have two masses m and m’ with radii a and b the outside energy 
will be 


72 , 


mm’ ,(m _m m = m” mm 
m (2+ )+am (F4e) Ee . 


r r r 





Thus the total energy inside and outside is equal to 


m” mm’ 


2b. Or’ 

so that the stress tending to diminish r is approximately equal to mm’/r?, 
as it should be, for the variation of m?/2a and m’”/2b is negligible compared 
with that of mm’/r. 





m2 
m m,’ +— 
it ite? 
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If m is very large compared with m’ we may regard m as fixed. In this 
case when m’ moves towards m the electrical energy in m’ diminishes by 
an amount corresponding to the gravitational attraction and also the 
energy in m diminishes by an equal amount and the energy outside in the 
ether increases by an equal amount. Thus the loss of energy in the large 
mass is compensated by an equal gain in the ethereal energy. The 
total energy of the small mass remains constant and since the ethereal 
energy is nearly all near the large mass the total energy attracting the 
small mass also remains almost constant. The effective masses therefore 
remain constant unless the masses come near each other. This theory 
makes the energy in the ether positive which is satisfactory. It has 
always been difficult to believe that the ether in a gravitational field 
contains less energy per unit volume than the ether at a great distance 
from matter. 

It will be observed that on this theory the gravitational force on either 
of the two attracting masses is equal to that due to its tendency to move 
in the direction of increasing specific inductive capacity due to the energy 
variation inside itself. Thus the force on each body can be attributed 
to a change of potential energy inside the body itself when it moves and 
so to an action between the body and the ether inside it. 

The change in the frequency of the light emitted by an atom, due to 
gravitation, predicted by Einstein can be easily deduced from the present 
theory. We have seen that the electrical energy of any electrical system 
is equal to E,K—'/? where E, denotes its energy when K = 1. According 
to Bohr’s theory of the emission of light the frequency is determined by 
the energy (¢) in the quantum emitted by means of the equation « = hn 
where n is the frequency and h is Planck’s constant. If the emitting 
atom is in ether of specific inductive capacity K instead of ether for which 
K = 1 its energy in each of its possible stable states will be diminished 
by the factor K—/? so that the energy of any quantum emitted will also 
be diminished in the same ratio. The frequency will therefore also be 
diminished by the factor K—'/? or 1 — m/r as predicted by Einstein. 

In conclusion it may be said that since matter is certainly partly 
electrical and since the refractive index of the ether certainly varies 
near large masses, it seems certain that part at least of the observed 
gravitational forces must be due to an action of the kind considered in 
this paper, so that it is satisfactory to find that it is possible to explain 
the whole attraction by means of this kind of action. 


THE RICE INSTITUTE, 
HOusTON, TEXAS, 
September 13, 1920. 
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THE LUMINESCENCE OF SAMARIUM. 


By Horace L. Howes. 


SYNOPSIS. 


Luminescent Spectrum of Samarium Oxide in Calcium Oxide.—The effect of heat 
treatment was studied by comparing the cathodo-luminescent spectra given by 
fresh preparations which had been carefully heated at various temperatures ranging 
from 200° to 3000°. The intensity of the light emitted increased with the tempera- 
ture of heating, but no variations in the wave-lengths of the very narrow bands was 
observed. Thirteen new bands were discovered and measured which help fill out the 
eight series of constant frequency intervals. ‘ 

Thermo-luminescence of samarium oxide in calcium oxide.—The minimum tem- 
perature was found to be about 200°. 


HE rare earth elements, in composition with lime or other diluents 
have been made to phosphoresce by Sir William Crookes,! Leecoq 
de Boisbaudran,? Urbain* and others. The most favored mode of excita- 
tion is by the cathode rays. The long controversy between Urbain 
and Crookes over the phosphorescent spectra of the rare earths has 
resulted in the control of those exacting chemical processes whereby 
the rare earths can be prepared in definite grades of purity. Such 
beautiful analyses have been made that the physicist is now able to begin 
his study of the rare earths with an exact knowledge of the composition. 
The method of making samples for luminescence (using the term “‘lumi- 
nescence” to include the older terms “‘phosphorescence,’”’ as well as 
“‘fluorescence’’) can be varied systematically, the heat treatment well 
controlled, and the variation of the spectra, if present, noted. As has 
always been found true, heat treatment is necessary to render the 
specimen in a luminescent condition. The molecular aggregates are no 
doubt so changed by the heat treatment that luminescent centers are 
produced in highly localized positions scattered through the general 
structure. 

One of the chief reasons why the rare earths in solid solution offer an 
excellent field for attacking the problem of luminescent radiation is 
because of the highly resolved bands which constitute the luminescence 
spectrum. Hitherto, with the exception of such solids as the uranyl 

1 Crookes, Comptes Rendus, Vol. 88, p. 283 (1879). 


2 Leecoqg de Boisbaudran, Comptes Rendus, Vol. 101, p. 552 (1885). 
3 Urbain, Annales des Chimie et de Physique, Series 8, Vol. 18, p. 222 (1909). 
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compounds and the ruby and such gases as iodine, sodium, mercury, 
sulphur, etc. studies have been made with substances, which, although 
brilliant, exhibit only broad bands. The difficulties in the path when 
analysis of such very broad bands is attempted are considerable because 
of the extensive overlapping of the components, but the rare earth com- 
pounds present—like the uranyl compounds! where very narrow bands 
are viewed against a dark background—a very convenient field. The 
present work on samarium must be considered a prelude to a rather 
complete analysis of rare earth luminescence. 

The present problem was the outcome of earlier work done in collabora- 
tion with Professor E. L. Nichols and the investigation was made possible 
by a grant from the Rumford Fund. The specimens of samarium oxide 
were obtained from Professor C. James, of New Hampshire State College, 
and the solid solutions were prepared by Dr. D. T. Wilber of Cornell 
University. The samarium oxide was weighed and dissolved in hydro- 
chloric acid and diluted to 1/100. This solution was added to pure 
calcium carbonate which had previously been tested for non-luminescence 
in a proportion which gave one atom of rare earth to 125 atoms of 
calcium. The mixture was evaporated to dryness with stirring. The 
heat treatment was carried on in the following manner: limited portions 
were placed in uncovered glazed crucibles and treated at several tempera- 
tures between 200° and 1200° C. in an electrical resistance furnace. The 
duration of heat treatment at one temperature was also varied between 
one and three hours. It was found that it was necessary to heat to a 
critical temperature of approximately 600° C. to render the luminescence 
sufficiently bright for spectrum analysis when the specimen was subse- 
quently cooled to + 20° C. and excited by the cathode rays. The 
200° C. specimens gave no luminescence at all and the 400° C. specimens 
exhibited but few regions of luminescence. As regards the duration 
of heat treatment one hour served as well as three hours—probably 
because only thin layers were treated. About twenty specimens from 
the same stock were thus heat treated, and finally one specimen was 
heated five minutes in the core of an arc carbon. Although no quantita- 
tive measurements of intensity were taken it was observed that specimens 
previously heated to 1200° C., or above that temperature, were the most 
brilliant under cathode rays at + 20° C. 

The luminescence spectrum consists of more than thirty bands of 
varying intensities, which plotted to a frequency scale can be resolved 
into several series: a, b, c, d, e, f, g, h, 1, of constant frequency intervals 


1 Nichols and Howes, ‘‘The Fluorescence of the Uranyl Salts,’’ Publications of the Car- 
negie Institution of Washington, No. 198. 
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as shown in Fig. 1. The intervals, although constant for a given series 





Fig. 1. 


vary slightly from one series to another; series a for example of 110 
units interval, series b of 108 units interval. In Table I. will be found 
the wave-length and reciprocal of wave-length of each band together with 
the relative intensity and series letter. The bands not previously dis- 
covered are marked, but the object of the present investigation was to 
study the conditians under which the spectrum is produced and to 
analyze it—rather than to discover new bands. The times required for 
one exposure averaged approximately ten minutes. 


TABLE I. 


Luminescence Bands of Samarium Oxide in Calcium Oxide. 
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The most startling behavior of the samarium oxide rests in the fact 
that no shift in the positions of the bands could be measured, whether the 


1 Wave-lengths of bands hitherto undiscovered. 
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specimen was heat-treated at 600° C. or 3000° C. This remarkable stability 
is not generally associated with a luminescent substance and hence is of 
great importance. It may be due in part to the greater than ordinary 
purity of the materials employed as well as to consistency in the condi- 
tions of excitation, exposure, etc. 

The specimens must be kept in a desiccator or sealed in glass since 
both the samarium and calcium oxides upon taking water from the air 
become non-luminescent as a compound. The specimen was mounted 
on an aluminum shelf which tended to keep the temperature from rising 
much above room temperature by conducting the heat due to impact 
to a hollow aluminum cylinder of large area. That this precaution 
served the purpose of maintaining the temperature of the very thin 
lamina of the specimen near room temperature was observed in a unique 
manner. After an exposure it was observed that a small portion of 
the cathode ray bundle did not strike the specimen but passed on to 
excite the luminescence particles of the specimen which had fallen to the 
bottom of the glass tube. When the cathode stream was stopped the 
particles on the glass surface exhibited brilliant thermo-luminescence 
due to heating by the cathode rays while the sample on the aluminum 
shelf showed no thermo-luminescence. 

Subsequently it was found that the temperature required for thermo- 
luminescence was approximately 200° C. 


SUMMARY. 


1. The spectrum of the cathode-ray luminescence of samarium oxide 
in calcium oxide is unchanged by heat treatment at several temperatures 
ranging from 600° to 3000° C. 

2. The spectrum consists of eight short series of constant frequency 
intervals. 


NEw HAMPSHIRE STATE COLLEG 
June 20, 1920. 
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ELECTRICITY AND GRAVITATION. 


By H. BATEMAN. 


SYNOPSIS. 


Electric Doublet Theory of Gravitation.—It is suggested that gravitation may be 
an effect arising from fluctuations of the electric charges associated with the electrons 
and positive nuclei of atoms. It is assumed (1) that the ether contains an enormous 
number of electric doublets moving in all directions with the speed of light; (2) that 
each charged particle is continually both absorbing and emitting doublets at a 
rate proportional to its mass; and (3) that during the absorption and emission of 
each doublet the charge on the particle fluctuates. If these fluctuations exist, 
it is shown that the mean value of the force exerted by one charged particle on 
another includes, in addition to the ordinary electrostatic force, an attraction 
proportional to the product of the masses. 

Electric Doublet Theory of Radiation.—If we suppose that the doublets emitted 
by a particle possess available energy only when the energy of the particle changes, 
and that the effect of changing the energy is to produce periodic gaps in the emission 
of doublets with a frequency proportional to the amount of energy lost, we have a 
theory of radiation which is said to be compatible with the theories of Bohr, Planck 
and Einstein. : 


1. The Field of an Electric Pole with a Fluctuating Electric Charge.— 
We shall consider a type of field in which the electric charge associated 
with a pole varies on account of the emission of electrified light-particles. 
Expressions for the components of the field vectors when the pole moves 
with a velocity less than c and the direction of projection of the light 
particles varies in an arbitrary manner have already been given.' It 
will be sufficient to give here the components of the field vectors E and H 
for the simple case in which the pole remains stationary at the origin of 
coérdinates and the light-particles are emitted in the direction of the 
negative portion of the axis of z. We then have 
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1 Electrical and Optical Wave Motion, Cambridge University Press (1915), p. 128, Mes- 
senger of Mathematics, May (1915), p. I. 
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where f[¢ — (r/c)] is an arbitrary function which determines the instan- 
taneous value of the electric charge associated with the pole O. 

A line of electric force can be regarded as the locus of light-particles 
projected in directions specified by the successive values of a unit vector 
s which is a function of r = t — (r/c). Assuming that the vector E is 
proportional to the vector rds — csdr, we see that if (J, m, m) are the 3 
components of s they must be supposed to vary with 7 according to the 
equations 


dl _ In f'(r) dm ay mn f'(r) dn sKs ny 1D) 
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Solving these equations we obtain 


(1 — n)f(r) = (1 — no) fo = a, 
say, 

i lofo fe mofo 
Vof—a Vfoli +m) v2f—a Vfol1 + mo) 
where /o, mo, o, fo, denote initial values of 1, m, n, f, at some instant ro. 
These equations indicate that /, m and 1 + n all vanish when 2f = a. 
This means that a line of electric force may end at some position of an 
electrified light-particle. If f(r) is initially zero and f’(r) has always 
the same sign, the lines of force all start from O and end at some position 
of an electrified light-particle, but if f’(r) changes sign so that f(r) 
fluctuates in value some lines of force go from one electrified light particle 
to another, while some of the lines of force issuing from O bend outwards 
to avoid the region occupied by the lines of force just mentioned. It is 
easy to see in fact that if f fluctuates, / and m do so also, and a line of 
force assumes a wavy form. 

The fact that lines of force seem to avoid the region occupied by an 
emitted electric doublet indicates that the presence of doublets emitted 
in different directions at different times, so as to cover nearly every 
direction, may give the lines of force the characteristics of separate 
physical entities. The unit tube of force may thus be more than a 
mathematical fiction. 

When f(r) is not initially zero some of the lines of force issuing from 
O may go to infinity instead of ending at an electrified light-particle. 
The total amount of electricity that has been projected from O may, 
in fact, not be sufficient to compensate the charge at O at the time 
under consideration and so it is natural to expect that some lines of 
force will go to infinity. 

The properties of these moving lines of force seem to be perfectly 
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analogous to those of the stationary lines of force used in electrostatics. 
When f(r) fluctuates for a short time and then remains constant a pulse 
travels outwards and leaves an electrostatic field behind. The flow of 
energy in the field is naturally of some interest. A simple calculation 
indicates that 
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In addition to the radial flow of energy specified by the second terms 
there is a tangential flow whose direction depends upon whether [f(r7)]? 
is increasing or decreasing. If f(r) fluctuates and returns to its original 
value, so that the emitted light-particles form an electric doublet, energy 
may be supposed to flow out tangentially from one constituent of the 
doublet and flow in tangentially to the other so that on the whole the 
energy associated with the doublet remains constant. 

2. Theory of Gravitation.—We shall now suppose that an electrified 
particle is continually absorbing and emitting doublets which cause its 
charge to fluctuate. The reason why the charge appears to fluctuate is 
that when an electric charge travels with velocity c there are no terms 
in its field of order r~ at an ordinary point of space, but when the charge 
is stopped for a short interval of time these terms appear as soon as a 
point is reached by a pulse which travels outwards from the point where 
the charge is stopped or deflected. If now the constituents of a doublet 
reach a charged particle at slightly different times the charge on the 
particle will appear to fluctuate. Similarly if the constituents of a 
doublet are emitted from a charged particle at slightly different times 
the charge on the particle will appear to fluctuate. 

We shall now suppose that a charged particle absorbs doublets one by 
one and emits them one by one, the emission and absorption of individual 
doublets being regarded as separate events separated by an interval of 
time. The direction in which a doublet is emitted is supposed to vary 
at random so that on the whole doublets are emitted equally in all 
directions. 

The number of doublets emitted per second is supposed to be enormous 
being large, perhaps, in comparison with the number of electrons in the 
universe. We shall suppose, however, that this number is proportional 
to the mass of the particle. 
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Let us now consider two particles A and B whose charges and masses 
are normally e, m and e’, m’ respectively. The number of doublets 
absorbed by B. per second is supposed to be proportional to m. Of 
these doublets a certain percentage may be supposed to have been 
emitted by A. Now any particular doublet may have come from any 
one of the charged particles in the universe or it may have come from 
the ether. The number which comes from the ether may, perhaps, be 
large in comparison with the number which come directly from charged 
particles, for the doublet from the ether may have really come from a 
charged particle by a zigzag path. It seems reasonable, however, to 
assume that the percentage of doublets which have come directly from 
A to B in unit time is proportional to the number emitted from A per 
unit time, 7.e., to the mass of A. The number of doublets which B re- 
ceives from A per unit time, when A and B are stationary, may thus be 
supposed to be proportional to the product of the masses of A and B. It 
is possible that this statement may need alteration when there are material 
particles between A and B but for simplicity we shall disregard this case. 
Let us now consider the very short interval of time during which the 
charge on B fluctuates on account of the arrival of a doublet emitted 
from A. If at an instant ¢ of this interval the charge on B is e’ — F(t) 
the charge on A at the corresponding instant t — 1/c(AB) may be sup- 
posed to be e + F(t). The mean value of the force exerted by A on B 
is thus 


to+T 
f [e’ — F(AJE dt, 


where 
r 
f(r) =e+F(r+"). 


Now if F returns to its initial value at the end of the interval T and if 
the mean value of F is zero, the mean value of the force is 
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2 RT 4 [ F(t) }*dt. 

Taking the mean value for a long period of time such as a second, the 
number of terms of the second type is proportional to the product of the 
masses of A and B, so in addition to the ordinary electrostatic force 
ee’/r? we obtain an attraction proportional to the product of the masses 
of A and B and inversely proportional to the square of the distance 
between A and B. It is thought that this force represents the gravita- 
tional attraction of A on B. 

If in a short interval of time T the charge on B fluctuates on account 
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. of the absorption of a doublet, but the charge on A does not fluctuate 
during the corresponding interval t — (r/c) to t ++ T — (r/c) the mean 
value of the force exerted by A on B is simply ee’/r’. 

Again, if the charge on A fluctuates during the interval r to r + T on 
account of the emission of a doublet, while the charge on B does not 
fluctuate at all during the corresponding interval 7 + (r/c) to 7+ T 
+ (r/c), the mean value of the force exerted by A on B is again ee’/r’. 
The emission by A of a doublet during the interval 7 to r + T and the 
absorption by B of a different doublet during the corresponding interval 
t + (r/c) to r + T + (r/c) is supposed to be a rare event which results 
only in a small correction to the ordinary force of gravitation. As 
shown in §1 the emission of doublets is accompanied by the emission of 
pulses but when the mass of the source remains constant these pulses 
follow one another so rapidly that the equivalent frequency of the 
radiation is much higher than that of light or X-rays and so the radiation 
remains ordinarily undetected. 

3. Theory of Radiation.—When the mass of a charged particle is 
altered by the emission or absorption of a doublet, the doublet may be 
supposed to carry available energy equal to the amount of energy gained 
or lost by the charged particle. If the charged particle loses energy the 
doublet carries it away and may give the energy up to some other charged 
particle. Since the energy of the other charged particle is less than 
before, the number of doublets emitted per second becomes smaller 
than before but the number emitted in a very short interval of time 
does not change immediately. The result is that sooner or later there 
is a gap in the emission of doublets and this gap may be supposed to occur 
periodically with a frequency proportional to the amount of energy lost. 
This makes the number of doublets emitted per second proportional to 
the new mass. 

This state of affairs may be supposed to continue for some time until a 
new steady state is reached. The light emitted by the charged particle 
thus consists of a long train of waves. 

This theory of radiation seems to be quite compatible with Bohr’s 
theory for it depends on the assumption that the amount of energy lost 
by an electron in a discontinuous change is proportional to the frequency 
of the light which is emitted after the sudden change of energy. The 
energy of the electron may be supposed to remain practically constant 
in spite of the emission of light. See, however, the note at the end. 

When a particle absorbs energy from a doublet possessing available 
energy the number of doublets emitted per second increases but the 
number emitted in a short interval of time does not increase imme- 
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diately. The result is that more doublets than usual are emitted at 
certain intervals and we again get light of a frequency proportional to 
the amount of energy gained. In this case, however, no doublet carrying 
available energy is emitted from the charged particle. 

It should be mentioned that the present theory of radiation agrees in 
some respects with that which has been proposed by W. H. Bragg It 
also agrees with the theories of Planck and Einstein. 
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When an electron is adjusting itself to a new steady state of motion 
it may be supposed to oscillate with the frequency at which gaps occur 
in the shower of doublets. The lines of force of the electron at this time 
may end at one or more of the doublets that have been emitted and it 
may be that the available energy, of which we have spoken, is associated 
with undulations produced by the electron on a doublet’s lines of force 
after the doublet has been emitted. The final transfer of the energy of 
these undulations to the doublet may be a result of the tangential flow 
of energy and of the change in form of the lines of force when the 
doublet is being absorbed 

The number of doublets which hit a charged particle of mass m every 
second may, perhaps, be given by the formula hy = mc?, where h is 
Planck’s constant; at any rate it would seem, if the above ideas are 
correct, that y must be a lower limit to the number of doublets. This 
number » is of order 10” in the case of an electron. 
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A Kinetic Theory of Gases and Liquids. By RicHarD D. KLEEMAN. New 

York: John Wiley and Sons, Inc., 1920. Pp. xvi -+ 272. Price, $3.00. 

It is the purpose in this book to develop a general kinetic theory applicable 
to matter in any state, in so far as it is possible to do so without knowing the 
exact nature and immediate result of molecular interaction. It is shown 
that the subject may thus be developed along sound mathematical lines and 
a number of important formule derived which furnish a structure by means 
of which further advances may be made. 


The Nature of Animal Light. By E. NEwton Harvey. Philadelphia: J. B. 

Lippincott Co., 1920. Pp. x-+ 182. Price, $1.50. 

The phosphorescence of living organisms from the point of view of the bio- 
logical chemist is the theme of this volume. After chapters on Luminescence 
and Incandescence and the Physical Nature of the Light emitted by Animals, 
the Structure of the Luminous Organs is taken up. The book concludes with 
the establishment of the general proposition that the light emitted by animals 
is due to the action of an oxidizing enzyme ‘“‘lucifrase’’ upon a photogenic 
substance termed ‘“‘luciferin,’’ and with a short chapter on the dynamics of 
luminescence. 


Aéronautics. By EpwiIn BIDWELL WILson. First Edition. New York: John 

Wiley and Sons, Inc., 1920. Pp. vii + 265. Price, $4.00. 

Contains the substance of courses of lectures on topics in dynamics, rigid 
and fluid, which are especially applicable to the problems of flight. Of par- 
ticular interest are the chapters on Stability of the Airplane; on Planar Motion; 
on the Forces on an Airplane and on Stream Function and Velocity Potential. 


Simplified Method of Tracing Rays through any Optical System of Lenses, 
Prisms, and Mirrors. By LuDWIK SILBERSTEIN. New York: Longmans, 
Green and Co., 1918. Pp. ix + 37. 

The problem discussed in this brief manual is: 

“‘Given the ray incident upon any system of lenses, mirrors and prisms, find 
the emergent ray.’’ The treatment which is vectorial.is comprised under nine 
heads: 

(1) The Fundamental Reflection and Refraction Laws. (2) Nature of the 
Data defining an Incident Ray. (3) The Transfer Formula for Spherical 
Surfaces. (4) The Tracing Process for Systems of Spherical Surfaces. (5) 
Hints and Examples. (6) Prismatic Systems. (7) System of Plane Mirrors. 
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(8) Dyadic representing the most General Reflector. (9) Differential Proper- 
ties of Reflected or Refracted Pencils. 


System of Physical Chemistry. Vol. III. Quantum Theory. By Wi tiiam C. 
McC. Lewis. New York: Longmans, Green and Co., 1919. 


This third volume of Lewis’s Physical Chemistry deals ‘‘ with some physico- 
chemical applications of the principles of statistical mechanics.” 

After two introductory chapters on Probability, Entropy, Equipartition of 
Energy and like topics and on Planck’s Concept of Quanta, the remainder of 
the volume contains the relations of the Quantum theory to: Atomic Heats of 
Solids; Molecular Heats of Gases; Structures of the Atom; Photo-electric 
Effects; Thermal Reactions; Reaction Velocities; Mass Reaction and the 
Heat of Reaction. 


Researches in Physical Optics. Part II. Resonance Radiation and Resonance 
Spectra. By R. W. Woop. New York: Columbia University Press, 1919. 
Pp. viii + 184. 

This sumptuous volume contains fifteen papers by R. W. Wood and various 
co-workers (Kimura, Speas, Ribaud, Hemsalech, Meyer, Dunoyer and Mohler). 
Ten of the titles are on resonance spectra of iodine and sodium vapors. 

Two deal with the fluorescence of gases excited by very short ultra-violet 

waves and the remainder are on Spectrographs of Long Focus; The Scattering 

and Regular Reflection of Light and the Separation of Close Spectrum Lines. 


Report on the Quantum Theory of Spectra. By L. SILBERSTEIN. London: 
Adam Hilger, 1920. Pp. 1 + 42. 
A very brief statement of Bohr’s theory; Rydberg’s constant; Orbits in 
Space; Sommerfeld’s theory of Fine Structure; Theory of Roentgen Spectra, 
of the Stark effect, Zeeman effect, photo-electric effect, etc. 


Mirrors, Prisms and Lenses. By JAMES P. C. SOUTHALL. New York: The 

Macmillan Company, 1918. Pp. xix + 579. Price, $3.25. 

This is a simplified version of the author’s Principles and Methods of 
Geometrical Optics. A considerable amount of new material has however 
been introduced. In the earlier chapters the well-known phenomena of the 
passage of light through prisms and lenses are simply dealt with and the treat- 
ment throughout has been adapted to the mathematical limitations of the 
average undergraduate. 

The volume contains however many topics normally found only in the more 
advanced treatises on Applied Optics. 


Colloid Chemistry. By JEROME ALEXANDER. New York: D. Van Nostrand 
Company, 1919. Pp. v + 90. 
A brief elementary manual giving a classification of colloids and their 
general properties and enumerating various applications. A few pages are 
devoted to a description of the ultra-microscope. 
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Notes on Magnetism. By C. G. Lams. Cambridge: The University Press, 

1919. Pp. viii+ 94. Price, $1.50. 

An eminently practical set of notes for students of engineering. There are 
seventy topics regarded by the author as essential to enable students ‘to read 
the ordinary technical textbooks with intelligence.”’ 

These are treated with brevity and simplicity and there is no pretence of 
of novelty either of matter or manner. 


Annuaire Pour L’An 1920, Publie Par Le Bureau des Longitudes. Paris: 
Gauthier-Villars et Cie, 1920. Pp. viii + 708. 
The Annual of the French Bureau of Longitudes for 1920 contains the 
usual surprising amount of usefu linformation, tabular and descriptive, on 
Astronomy, Navigation, Metrology, Physics, Chemistry and Engineering. 


Unified Mathematics. By Louis C. KARpiInsk1, HARRY Y. BENEDICT and 
Joun W. CaLHoun. Boston: D. C. Heath and Co., 1918. Pp. viii + 522. 
A course in elementary mathematics intended for first year students’ in 

colleges and technical schools. The characteristic feature is the relinquishment 

of the usual divisions of the subject and the development of the essential unity 
of the two great natural divisions, analysis and geometry in the treatment of 


such general topics as: 
Linear and quadratic functions; Trigonometric functions; Series; Triangles 


and the Conic Sections. 


Lecons de Physique Générale. Electricité et Magnétisme. By JAMES CHAPPUIS 

AND ALPHONSE BERGET. Paris: Gauthier-Villars et Cie, 1920. Pp. 

1 + 623. 

The second volume of the third edition of the well known compendium of 
Chappuis and Berget, has been entirely rewritten by Chappuis and Lamotte. 
It deals with Electricity and Magnetism and covers the ground in the manner 
characteristic of the best class of French textbooks. 


The Indian Association for the Cultivation of Science. Bulletin No. 15; Cal- 
cutta: Printed at the Baptist Mission Press and Published by the Indian 
Association for the Cultivation of Science, 1918, iii + 158. Price, Rs. 2/8. 
This Bulletin contains Part I. (158 pp.) of a monograph by Professor C. V. 

Raman on the “ Mechanical Theory of the Vibrations of Bowed Strings and of 

Musical Instruments of the Violin Family, with Experimental Verification of 

the Results.”’ 

There are many plates of velocity diagrams, displacement diagrams and 
vibration curves illustrating the nine types of vibration discussed by the author. 

The effects of pressure and velocity of bowing; of finite width of the bow; 
of the yielding of the bridge; of the thickness of the string; of damping and 
of the body of the instrument are considered at some length in this preliminary 
portion of Professor Raman’s treatise. 





